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P O L Y M E T A M O R P H I S M O F T H E C R Y S T A L L I N E B A S E M E N T 
O F T H E S O M O G Y — D R A Y A B A S I N ( S O U T H W E S T E R N 
T R A N S D A N U B I A , H U N G A R Y ) 
P . ÁRKAI 
A B S T R A C T 
T h e crystalline basement of the Neogene depression of the Somogy—Drava Basin (SW-Trans-
d a n u b i a , Hunga ry ) consists of medium-grade (almandine-amphiboli te facies) polymetamorphic 
f o r m a t i o n s overprinted by a very low- and low-grade (anchi-, epizonal) retrograde, partly cataclastic 
m e t a m o r p h i s m : gneiss, mica schist, amphiboli te , as well as mylonite and blastomylonite. 
Having applied the petrological and geochemical methods of lithofacies reconstruction the 
gneiss — mica schist and the mylonite — blastomylonite groups developed f r o m them proved to be of 
sedimentary (pára) origin: they were fo rmed f r o m carbonate-free or carbonate-poor pelitic-psam-
mitic sediments. T h e amphibol i te originated f rom basic igneous rock. 
O n the basis of the mineral-paragenetic, petrotextural and structural as well as geothermometr ic 
and geobarometr ic characteristics the following relative chronological succession of metaniorphic 
events was determined: 
A ) T h e oldest one is a medium-grade (almandine-amphibol i te facies), medium pressure (Har-
rovian) regional metamorphism with a geothermal gradient of 17 to 27 °C/km. Its temperature and 
pressure were 510 to 600 °C and 5.9 to 8.9 kbar , respectively. It was locally followed by 
B) an andalusite-type (low pressure range) medium-grade (amphiboli te facies) metamorphism 
with a gradient =-34 °C/km and by 
C) a low temperature ( < 4 5 0 °C), predominant ly low pressure anchi-, epizonal re t rograde, 
locally cataclastic metamorphism. 
As to our recent knowledge —• based on Alpine and Carpa th ian analogies — different hypothet ic 
geochronological modells can be established, e. g. 
— A) Caledonian, B) Hercynian, C) Hercynian and /o r Alpine: 
— A) older Hercynian, B) younger Hercynian and C) younger Hercynian and /o r Alpine: 
— A) Dalslandian (Early Baikalian), B) Hercynian, C) Hercynian and /o r Alpine. 
T h e mineral assemblages formed b y weathering and by low temperature retrograde metamor-
phism were distinguished by means of the clay mineral associations and by the illite crystallinity. 
I N T R O D U C T I O N 
Considering its geographic position, the Somogy—Drava Basin links the Pan-
nonian Basin with the Southern Alps and Internal Dinarides. This depression filled 
with a maximally 5.000 m thick sedimentary pile belongs to the Transdanubian 
Neogene Basin System. The aims of the present petrological and geochemical ex-
aminations of its crystalline basement are: the determination of the origin of these 
much debated polymetamorphic formations, the distinction and characterization 
of their metamorphic events and weathering processes. The investigations intend to 
contribute to the hydrocarbon prognostics of the basin on the one hand, and to the 
correlation of the metamorphic events of the afore-mentioned great geographic-
geological units, on the other. The metamorphic-petrogenetic research of the core 
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samples deriving from hydrocarbon exploratory wells was initiated and supported 
by the National Oil and Gas Industrial Trust and by its affiliated firm, the Oil and 
Gas Mining Enterprise. 
G E O L O G Y , P R E V I O U S D A T A 
The geological and tectonic situation of the basement of the Somogy—Drava 
Basin is shown in Fig. la. The northern part of the basin belongs to the so called 
Igal—Bükk Alpine mobile belt extending between the Balaton and Zagreb—Hernád 
lineaments. As to the former ideas this belt might from the southwestern paleogeo-
Fig. I. a: Geological-tectonic position of the Somogy—Drava Basin. 
Legend: 1) medium-grade polymetamorphic crystalline basement (pre-Hercynian?-
Hercynian-Alpine?) locally with synkinematic Hercynian granitoid format ions 2) Her-
cynian very low and low-grade metamorphic Early Paleozoic with post-kinematic Hercyni-
an granitoid intrusions with non-metamorphic Late Paleozoic and Mesozoic (Trans-
danubian Central Mountains and the Little Plain) 3) Alpine very low- and low-grade 
metamorphic Paleozoic and Mesozoic (Bukkium, Igal—Bukk mobile belt): a ) evidenced 
by investigations b) presumed 4) Alpine low-grade metamorphic Mesozoic (Koszeg 
Mountains, Penninic unit). 
b: Geological and tectonic sketch of the pre-Tertiary basement of the Somogy—Drava 
Basin af ter BARDOCZ (1973— 1982) .Simplified with sampling localities of metamorphic rocks. 
Legend: I) Mesozoic 2) Permian partly Permo-Triassic 3) Carboniferous 4) granitoid 
rocks 5) Early Paleozoic in general 6) Devonian (?) 7) Silurian (1) 8) polymetamorphic 
crystalline basement (pre-Hercynian?-Hercynian-Alpine?) 9) main compressive tectonic 
surfaces 10) subordinate compression surfaces / / ) fault 12) studied boreholes. 
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graphic ocnnection of the Biikkium characterized by South-Alpine, Dinaric affinity 
("eugeosyncline", WEIN, 1 9 6 9 ) . However, the existence of this belt as a paleogeograph-
ic unit has not been proved [BALOGH, 1 9 8 1 , personal communication, KOVÁCS, 
1 9 8 2 ] , and recently the present position of the Biikkium is explained by horizontal 
micro-plate movements along the Zagreb—Hernád lineament [KOVÁCS, 1 9 8 2 ] . The 
stratigraphie, paleontological and lithofacies correlations of the Paleozoic and 
Mesozoic formations of the Biikkium and that of the southwestern part of the Igal— 
Bükk Belt are lacking. Traces of the Alpine (Cretaceous) regional metamorphism 
demonstrated in the Paleozoic and Mesozoic formations of the BUkkium [ÁRKAI , 
1 9 7 3 , 1 9 8 3 , ÁRKAI, HORVÁTH and TÓTH, 1 9 8 1 ] are unknown in the southwestern part 
of the belt belonging to the Somogy—-Dráva Basin. 
South of the Zagreb—Hernád lineament the crystalline basement is built up by 
pre-Hercynian (?) — Hercynian — Alpine (?) polymetamorphic formations of un-
clear evolution, locally accompanied by most likely Hercynian granitization (Mecsek 
Mountains, Danube—Tisza Interfluve). 
The simplified variant of the map of the pre-Tertiary basement of the Somogy— 
Drava Basin constructed by BARDÓCZ (1973—1982) is shown in Fig. lb. The base-
ment units are bordered by compressive faults (overthrusts?) with strikes changing 
from NE—SW to NW—SE. The younger faults mostly perpendicular to the com-
pressive ones are disjunctive. 
According to the first pétrographie description of the metamorphic basement 
of the Drava Basin [SZEPESHÁZY, 1 9 5 8 , 1 9 5 9 ] most of the rocks having granite-like 
composition are "unequilibrated" metamorphites : tectonites, with different mylonite 
and phyllonite types depending on the intensity of the cataclastic metamorphism. 
In the first petrogenetic synthesis of the SW-Transdanubian crystalline base-
ment [BALÁZS, 1968] these polymetamorphites were believed to be ortho-rocks: 
The primary granitoid rocks were metamorphized in the Precambrian (Late Bai-
kalian?) tectonocycle (meso- or occasionally kata-zonal gneiss formation). The epi-
zonal mylonitization is presumably of Variscan age. 
Essentially this synthesis can be found in the explanatory text of the map of 
metamorphites of the Carpatho—Balkan—Dinaride area [SZÁDECZKY-KARDOSS, 
JUHÁSZ, BALÁZS et al., 1 9 6 9 ] as well as in the map itself [SZÁDECZKY-KARDOSS, 
ÁRKAI et al., 1 9 7 6 ] , with some modifications: the premetamorphic rocks are of 
Proterozoic age, an uncertain Early Baikalian metamorphism was followed by a 
Variscan epidote-amphibolite facies metamorphism and by an Alpine retrograde 
greenschist facies metamorphism. The anatexis (synkinematic granitization) ob-
served in the polymetamorphic formations of the Mecsek Mountains and of the 
Danube—Tisza Interfluve seems to be also of Variscan age. 
N A G Y and SZEPESHÁZY [ 1 9 7 1 ] pointed out the spatial variation of the grade and 
intensity of the Hercynian metamorphism in the basement rocks. In certain part of 
the Precambrian meso-zonal gneiss, mica schist, amphibolite sequence the weaker 
retrogressive effect resulted in mylonitization and phyllonite formation. Elsewhere 
these rocks were more strongly recrystallized (blastomylonites), and locally, in the 
high temperature zones anatexis, granitization took place without any signs of 
katazonal assemblages. The common greenschist facies retrograde event often called 
diaphtoresis can be bound partly to the Alpine cycle, as well. 
Based on feldspar studies as well as on Rb—Sr isotope geochronological data 
B U D A [1972] established a model for the granitoid, rocks of the Mecsek Mountains 
and of the Danube—Tisza Interfluve presuming Precambrian (?) sedimentation, 
Caledonian synkinematic anatexis and Variscan late-kinematic potash metasomatism. 
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In the region of the Görcsöny Ridge adjoining the Drava Basin, SZEDERKÉNYI 
[1975] demonstrated a Barrovian metamorphic sequence with increasing meta-
morphic grade from SW to NE from the chlorite zone up to the sillimanite zone. 
He determined the main tectonic directions of the basement and distinguished a 
two-phase (Precambrian and Variscan) granizitation in the Mecsek Mountains. 
According to the lithostratigraphic correlation of JANTSKY [ 1 9 7 6 , 1 9 7 9 ] the 
almandine-amphibolite facies ultrametamorphic (granitized) sequence of the Mecsek 
Mountains originated from Lower Proterozoic eugeosyncline pelitic-psammitic 
sediments and ophiolitic magmatites by pre-Baikalian (Gothian) amphibolite facies 
regional metamorphism and pre-Baikalian (Dalslandian) amphibolite facies ultra-
metamorphism. The diaphtoresis of the sequence is Baikalian (Riphean), the younger 
tectonócycles were not accompanied by regional metamorphic effects. The meta-
morphic evolution in the basement of the Drava Basin is similar to that of the Mecsek 
Mountains, except the ultrametamorphism (granitization). 
The critical review of L E L K E S - F E L V Á R I , SASSI et al., [ 1 9 8 1 ] based mainly on the 
studies of SZEDERKÉNYI considers the metamorphism of the crystalline basement 
of the Drava Basin and Görcsöny Ridge to be pre-Upper Carboniferous. As to the 
generally accepted view it is partly pre-Hercynian, though the sporadic age data 
refer to Hercynian thermal event only. The Barrovian, medium temperature gradient 
metamorphism (kyanite-f staurolite) was overprinted by an andalusite-cordierite 
type, high thermal gradient recrystallization. This latter was locally accompanied by 
anatectic migmatizitation. At present the ages of the two metamorphic episodes are 
not known exactly. 
It is obvious from this short review that our knowledge on the lithofacies of 
the premetamorphic rocks and on the polymetamorphic events and their chronology 
is full of contradictions and has not cleared up so far. The new petrological and 
geochemical data of this paper might contribute to solve the questions above. 
M E T H O D S 
Out of 15 boreholes (Fig. lb) reaching the crystalline basement the complex 
investigation of 30 samples was carried out. In addition to the macroscopic and 
transmission microscopic studies X-ray diffractometric, electron microprobe, silicate-
analytical and emission spectrographic methods were used. 
The X-ray diffractometric investigations aimed: 
— the determination of the qualitative and semiquantitative mineral composition, 
in the latter case using the direct method of N Á R A Y - S Z A B Ó and PÉTER [ 1 9 6 7 ] and also 
the data of B Á R D O S S Y [ 1 9 6 6 , 1 9 7 0 ] , R I S C H Á K and V I C Z I Á N [ 1 9 7 4 ] as well as V I C Z I Á N 
and G H O N E I M [ 1 9 7 7 ] . The semiquantitative phase analysis was done by T Ó T H , N . M . 
The results were corrected by the microscopic observations, by the solution residue 
data obtained by treatment with 3% HC1, and by the mineralogical recalculation of 
whole rock chemical analyses using also the chemical compositions of minerals 
determined by electron microprobe. 
— The measurement ofillite crystallinity indices referring to the structural order-
ing of the illite-muscovite group. The measurements were carried out in whole rock 
samples and in the fractions of less than 2 microns according to the methods of 
K Ü B L E R [1968, 1975] and W E A V E R [1960]. The Kübler-index Oill ite crystallinity = 
=IC=Iargeur de Scherrer=LS) denotes the width of the first (10 Á) basal reflection 
of the illite-muscovite at half height of the peak in 2 0 degrees, under standardized 
circumstances (this value is abbreviated as half-width). The Weaver-index (sharpness 
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ratio) is the ratio of the peak-heights (intensities) measured on the basal reflection 
of the illite-muscovite at 10 and 10.5 Á (Weaver-index = I10 Á/I,03 Á). 
-— The determination of the metamorphic pressure indicating d060 or 6xd06o — 
= b0 and the d002 lattice parameters of the illite-muscovite group according to SASSI 
[1972] and GUIDOTTI and SASSI [1976], with corrections using the (211) and (100) 
reflections of the quartz in the rocks as "internal standards". 
The X-ray analyses listed above were made by a Philips PW—1730 type diffracto-
meter, with the following recording conditions: CuKa radiation, 45 kV accelerating 
voltage, 35 mA,. proportional counter, graphite monochromator, divergency and 
detector slits of Io, goniometer speeds of 2°/min and l/2°/min, respectively, time 
constant of 2 sec, and paper speed of 2 cm/min. 
In silicate analyses made by LEFLER, J. and HANGYÁS, G Y . a Carl Zeiss A A S I M 
type atomic absorption spectrophotometer was used, in addition to the traditional 
gravimetric, photometric and chromatometric methods. 
Trace elements were determined by TOMSCHEY, O. by means of a Carl Zeiss 
PGS—2 type plane grating spectrograph. In the quantitave evaluation the combined 
analytical and adjusting method was used. Recording conditions were: BIG—100 AC 
generator, Al 9999 electrodes, i mm electrode distance, 15 ¡j.m split, 50/1 spark, 
blende: 2, amperage: 7 A, exposition time: 164 sec, collimator: 10.6, plate quality: 
23D56, developing in AGFA—1 at 20 °C for 5 min: 
The chemical composition of rock forming and accessory minerals were analysed 
by N A G Y , G . and DOBOSI, G . by means of a J E O L Superprobe—733. In correction 
calculations the Z A F program of the J E O L firm was used. In the qualitative chemical 
analyses an EDAX-system was applied. 
R E S U L T S 
In Table 1 the location, number, depth interval and rock type of the investigated 
samples are listed. In Table 2 the semi-quantitative mineral compositions, in Table 3 
the lattice parameters and the different indices characteristic of the structural ordering 
of the illite-muscovite group, in Table 4 the main element compositions and in Table 5 
the trace element compositions are found. Table 6 contains the chemical compositions 
of the rock forming and accessory minerals analyzed by microprobe as well as the 
cation numbers per unit cells. 
D I S C U S S I O N A N D C O N C L U S I O N S 
Rock types, mineral composition 
The rocks of the gneiss group are the most widespread (samples So—3.3, Viz— 
1.2,3, Tar—D—1.5,6, GBK—9.15, Dar—3.11, Fel—1.15, Se—2.16, Cun—1.14, 
Szta—2.20, Rut—2.16, Nagy—K—1.11, 12). These are composed of quartz, plagio-
clase (oligoclase), muscovite and biotite. Considerable amount of potash feldspar 
was found only in the sample Cun—1.14. The gneiss type containing only biotite out 
of the phyllosilicates is also rare (Dar—3.11). The samples So—3.3, Viz-—I. 2, Dar— 
3.11, Se—2.16, Szta—2.21, Kut—2.16 and Nagy—K—1.11, 12 contain garnet, 
those of So—3.3, Dar—3.11, Kut—2.16 and Nagy—K—1.11 contain staurolite. 
The occurrences of kyanite (Nagy—K—1.11), sillimanite (So—3.3) and andalusite 
(Kut—2.16) are sporadic. 
Mica schists and feldspar bearing mica schists being in close genetic and spatial 
relationship with the gneisses are less frequent (Viz—I. 5, 6, GB—29.2, Nagy—K— 
133 
TABLE 6 (continued) 
List of the investigated rock samples from the crystalline basement of the 
Somogy—Drava Basin 
Village Borehole Core Depth (m) R o c k type 
Somogyud varhely So—3. 3 3001.0—3010.0 gneiss 
Vízvár Víz—I 2 3287.0—3291.5 gneiss 
Vízvár Víz—I 3 3291.5—3295.0 gneiss 
Vízvár Víz—I 5 3465.0—3468.0 mica schist 
Vízvár Víz—I 6 3565.0—3566.5 mica schist 
Tarany Ta r—D—1 5 3011.0—3012.0 gneiss 
Ta rany T a r — D — 1 6 3299.0—3300.0 gneiss 
Rinyaúj lak Rúl—2 2 2720.0—2723.5 blastomylonite 
Rinyaúj lak Rúl-3 2 2719.0—2723.0 phyllonitic 
blastomylonite 
Görgeteg-Babócsa GB—29 2 1908.0—1911.0 mica schist 
Görgeteg-Babócsa GB—29 4 2150.0—2151.0 mica schist 
Görgeteg-Babócsa G B K — 9 15 2702.0—2705.0 gneiss 
D a r á n y D a r — N y — 2 4 2697.0—2700.0 amphibol i te 
D a r á n y D a r — 3 11 2976.0—2980.0 gneiss 
Felsőszentmárton Fel—I 15 3991.2—3993.2 gneiss 
Sellye Se—2 16 1798.0—1801.0 gneiss 
Sellye Se—2 18 ; 1950.0—1952.0 gneiss 
Cun Cun—1 14 1969.5—1971.5 gneiss 
Szenta Szta—2 20 2682.0—2684.0 gneiss 
K u t a s Ku t—2 16 1947.0—1949.0 gneiss 
Nagya tád Nagy—K—1 10 3071.0—3073.5 mica schist 
Nagyatád Nagy—K—1 11 3220.0—3222.0 gneiss 
Nagya tád Nagy—K—1 12 3299.0—3300.0 gneiss 
N a g y k o r p á d N k o — 2 11 2065.0—2067.0 mica schist 
K a d a r k ú t K k ú t — 2 4 1219.0—1222.0 mylonite 
K a d a r k ú t K k ú t — 2 5 1222.0—1223.0 blastomylonite 
K a d a r k ú t K k ú t — 2 8 1415.0—1417.0 blastomylonite 
K a d a r k ú t K k ú t — 2 9 1531.0—1533.0 blastomylonite 
1.10, Nko—2.11). Their rock forming minerals are similar to that of the gneiss 
group, the only difference being the lower (less than 20 weight percent) feldspar 
content. Their quartz/phyllosilicate ratios are rather changing. The accessory minerals 
are garnet (GB—29.2 and Viz—1.5) as well as straurolite (GB—29.2). 
Amphibolite is subordinate in the basement (Dar—Ny—2.4). Its minerals are 
hornblende, plagioclase (oligoclase), quartz and small amounts of biotite, garnet 
and epidote. 
The mylonite (GB—29.4, Se—2.18, Kkut—2.4) and blastomylonite varieties 
(Rul—2.2, Kkut—2.5, 8,9) were generated from the gneisses and mica schists by 
cataclastic (dynamic) metamorphism accompanied by a weak retrograde recrystal-
lization which did not exceed the chlorite zone of the greenschist facies. These rock 
types are characterized by smaller feldspar content and by high sericite, chlorite and 
carbonate mineral contents as compared to the gneisses. 
Pre-metamorphic lithofacies 
The overwhelming majority of the gneisses, mica schists and mylonites, blas-
tomylonites generated from them proved to be of sedimentary (para-) origin. They 
were formed presumably from carbonate-free or carbonate-poor pelitic-psammitic 
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TABLE 2 
Semiquantitative mineral composition of the rock samples ( weight percent) 
( A n a l y s e d b y P . ÂRKAI a n d M . N . TÔTH) 
e B, m <U SJ. a u u 5 
Sample 3 a s 'g £ s * 5 o -S « „ a » g 3 
S S ' S S s o fe-s E ® S a § .5 -3 2 
§ rt-V o o 3 T 3 a S S 13 o S T3 FEL o O m RT — e a 
a K ^ x s S i S ¡3 | E u o * a £ x o o « ^ s 
So—3.3 34 32 — — 6 17 3 2 — • — — 5 — 1 — tr tr — tr — — 
Viz—1.2 41 26 — — — 20 12 — • — 1 — — — tr — tr — — — — — 
Viz—1.3 18 56 — . — — . tr 22 — — 4 — • tr — • — — tr — — — — — 
Viz—1.5 14 11 — — 15 45 14 — — — tr — — — — • tr — — — — — 
Viz—1.6 64 18 — — — 8 10 tr 
Tar—D—1.5 33 18 — — tr 12 4 6 — 1 12 14 — tr 
Tar—D—1.6 39 20 — — tr 16 19 — — 6 — — • — • tr — tr — — — — — 
Rul—2.2 36 20 — — — . 25 2 4 — — — 13 — • tr — — — — — — — 
Rul—3.2 49 12 1 — — 21 — 6 — • — — 11 — tr — tr — — — — — 
GB—29.2 57 8 — — 16 15 — 2 — — — 2 — • tr — tr tr — — — — 
GB—29.4 68 8 — — — 10 14 
GBK—9.15 46 38 — — — 10 3 — — 3 — tr — — • — • — — — — — — 
Dar—Ny—2.4 3 30 — 57 tr — 10 — — • — — • — — — — tr — — — — tr 
Dar—3.11 46 31 — — 15 — 6 — — • 1 1 — — • — — tr tr — — — — 
Fel—T.15 39 55 — — . tr 3 3 — • — — • tr — — • tr — — — — — — — 
Se—2.16 45 15 — . — 21 2 2 15 
Se—2.18 44 2 — — . — 22 tr 8 24 
Cun—1.14 47 — 30 — 13 8 — — — — 1 tr — — 1 — — — — — — 
Szta—2.20 14 33 — — .—. 19 29 — — 5 — • — — tr — tr — — — — — 
Kut—2.16 21 21 — — 9 26 — 8 — — 13 — 2 — — tr tr — — tr — 
Nagy—K—1.10 33 — 1 — — '49 . —• 5 — — — 11 — 1 — — — — — — — 
Nagy—K—1.11 24 51 — — 9 7 1 3 — — 2 2 — • 1 — tr tr tr — — — 
Nagy—K—1.12 49 16 — — — 20 1 1 — — 6 7 — — — tr — — — — — 
Nko—2.11 38 11 — — 8 30 — 5 — — — — — 8 — — — — — — — 
Kkiit—2.4 3 48 37 
Kkiit—2.5 27 40 — — — 12 18 3 
Kkiit—2.8 30 33 25 — — . 6 tr 2 — — — 4 — tr — — — — — — — 
Kkiit—2.9 38 35 16 — — 6 3 
tr = traces 
TABLI; 3 
X-ray diffractometric structural parameters of the HHte-sericite-muscovite group 
(biotite-free samples) 
Sample 
Whole rock samples (desoriented preparates) 2 | i m 0 fract ions (oriented prep.) 
1C°2<9 (Kübler-index) Weaver-index 
b„ (Á) doos (Á) 
IC0 2 0 (Kübler-index) Weaver-index 
2°/min l /2°/min 2°/min l /2°/min 2°/min l /2°/min 2°/min l/2°/min 
Víz—1.2 0.220 0.150 6.60 7.30 9.012 9.964 n. d. n. d. n. d. " n. d. 
Víz—1.6 0.172 0.097 8.14 9.75 9.055 9.952 n. d. n. d. n. d. n. d. 
Rul—2.2 0.274 0.175 3.84 5.25 8.995 9.952 n. d. n. d. n. d. n. d. 
Rul—3.2 0.209 0.136 5.07 5,77 9.003 9.946 0.568 0.446 1.98 2.35 
GB—29.4 0.230 0.158 8.25 11.56 n. d. 9.958 0.274 0.127 4.96 8.93 
Se—2.10 0.350 0.308 3.00 3.13 8.991 9.997 0.551 0.527 3.34 2.23 
Szta—2.20 0.296 0.207 3.79 4.20 9.003 9.964 n. d. n. d. n. d. ii. d. 
N a g y — K — 1.10 0.203 0.126 6.52 8.20 8.996 9.958 0.481 0.420 3.25 2.86 
Nagy—K—1.12 0.221 0.158 5.39 5.08 8.998 9.958 n. d. n. d. n. d. n. d. 
Kkút—2.5 0.209 0.124 9.50 10.88 9.906 9.952 0.208 0.140 6.25 2.69 
Kkút—2.8 0.170 0.109 9.82 7.30 9.001 9.913 n. d. n. d. n. d. n. d. 
Kkú t—2.9 0.132 n. d. 9.33 n. d. 9.008 10.048 n. d. n. d. n. d. n. d. 
n. d. = not determined 
clastic sediments mixed in varying ratios. The observations evidenced the para-origin 
are as follows: 
— detrital, rounded zircons in the samples Viz—1.2, 6, Ta—D—1.5, 6 and 
Cun—1.14; 
— fine disperse organic matter (graphite) in the sample Nagy—K—1.11; 
— the abundant occurrence of Al-rich silicates (garnet, staurolite, Al2Si05 
modifications) generated as a result of Al-excess characteristic of the pelitic rocks; 
— the strong fluctuation of the quartz-feldspar-phyllosilicate ratios relating 
to the varying mixtures of fine and coarse detrital sediments; 
— the lack or the subordinate quantity of potash feldspar denying the granitic 
origin; 
— the lack of carbonate minerals in the first progressive mineral assemblages. 
Having evaluated the rocks with considerable amounts of potash feldspar, the 
migmatitization of paragneiss can be presumed in the case of the sample Cun—1.14 
containing rounded zircon grains. The mylonites Kkut—2.4—9 formed from granitoid 
rocks or orthogneiss. Assuming the granitoid origin the primary sedimentary starting 
material can not be excluded in this case either. 
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Fig. 2. a: Distribution of rocks of the crystalline basement in the ACF—AKF diagrams. 
Legend: a) gneiss b) mica schist c) blastomylonite d) amphibolite. 
b: Distribution of the main rock types in the ACF—AKF diagrams af ter WINKLER [1976]. 
Legend: IA—Al-rich clays, IB — carbonate-free or max. 35% carbonate-bearing clays; 
between arrows: marls (with 35—65% carbonate content) II — greywackes, 1 — u l t r a -
basic rocks, 2 — basic (basaltic) and andesitic rocks, e — basalt, f— tonalite, g — grano-





Chemical composition of the polymetamorphic samples ( weight percent) 
( A n a l y s e d b y J. LEFLER a n d G Y . HANGYAS) 
So— Vfz— Viz— Tar D — Rul— G B — D a r D a r — Se— Cun— C u n — K u t — Nagy K ku t— 
3. 3. I. 2. I. 5. 1 .5. 2.2. 29. 2. Ny—2.4. 3. 11. 2. 16. 1. 11. 1. 14. 2. 15. K—1.12. 2. 5. 
S iO, 63.05 65.82 51.64 54.79 60.98 73.66 46.30 74.73 67.39 12.42 74.09 21.07 68.28 61.91 
T i O , 0.38 0.65 0.65 0.43 0.46 0.43 1.26 0.43 0.37 0.17 0.17 1.11 0.38 0.56 
Al ,O a 16.16 15.00 23.87 10.26 14.93 12.25 12.80 11.68 13.74 3.53 11.32 8.70 12.66 16.61 
F e , 0 , 2.22 3.02 2.72 4.27 2.23 0.86 4.27 1.61 1.34 0.00 1.45 3.03 3.69 2.09 
F e O 3.75 2.18 5.24 5.70 2.53 3.05 9.66 2.44 4.48 0.62 1.13 7.58 1.49 3.74 
M g O 2.81 3.34 4.60 5.05 3.87 2.17 10.34 1.60 3.15 6.94 1.28 14.75 1.77 3.57 
M n O 0.09 0.23 0.18 0.23 0.12 0.16 0.44 0.25 0.17 0.07 0.08 0.96 0.17 0.23 
C a O 0.96 1.82 1.10 3.72 1.81 0.44 6.98 1.96 0.91 29.49 0.48 15.55 1.39 0.62 
N a t O 2.21 3.01 1.89 1.33 2.16 1.10 3.86 2.75 1.64 0.14 0.64 0.64 1.60 3.59 
K . O 2.91 1.91 4.93 2.14 2.83 2.85 0.32 1.38 2.08 1.36 6.27 1.07 2.60 2.47 
+ H . 0 1.80 2.43 2.44 2.36 2.24 1.42 1.81 0.82 3.43 1.51 2.02 1.38 1.79 2.37 
- H . O 0.00 0.04 0.00 0.16 0.21 1.30 0.40 0.08 0.14 0.18 0.28 0.62 0.07 0.12 
C O , 2.62 0.48 1.41 9.78 4.88 0.86 0.83 1.03 0.33 6.03 0.00 21.12 4.32 1.40 
P . O . 0.24 0.15 0.18 0.09 0.22 0.06 0.19 0.23 0.22 0.15 0.14 2.76 9.11 0.16 
To ta l : 99.20 100.08 100.85 100.31 99.47 100.61 99.46 100.99 99.39 99.52 99.35 100.34 100.32 99.44 
TABLE 6 (continued) 
Trace element concentrations of rock samples ( ppm) 
( A n a l y s e d b y O. TOMSCHEY) 
Sample B C o Cr G a M n N i P b Ti V Z n 
So—3.3 15 11 150 11 367 62 5 3550 45 63 
Víz—1.2 19 10 350 34 835 50 9 3500 97 58 
Víz—1.3 8 3 32 9 353 15 3 2020 40 8 
Víz—1.5 24 12 138 45 1060 49 9 3320 173 124 
Víz—1.6 8 6 66 40 453 13 6 1660 12 11 
T a r — D — 1 . 5 20 11 112 28 2030 32 8 3230 45 63 
T a r — D — 1 . 6 16 20 135 31 673 34 12 3080 68 87 
Ru l—2.2 48 13 157 60 650 67 53 4030 155 88 
R u l — 3 . 2 23 8 103 34 320 27 9 2050 47 31 
G B — 2 9 . 2 16 8 89 27 920 21 11 3330 52 41 
GB—29.4 11 — 8 11 190 — 4 630 13 12 
G B — K — 9 . 1 5 15 3 21 9 310 8 4 1630 24 8 
D a r — N y — 2 . 4 17 16 95 19 2070 27 5 3620 300 34 
D a r — 3 . 1 1 15 — 68 17 740 15 9 2480 22 24 
Fel—1.15 7 — 2 23 230 4 8 530 7 18 
Se—2.16 10 — 60 8 180 9 6 1650 27 — . 
Se—2.18 140 7 140 30 510 94 6 3170 77 
Cun—1.14 24 — 1 14 97 — 7 447 6 — 
Szta—2.30 7 — 41 5 527 11 3 1240 17 8 
K u t — 2 . 1 6 70 28 182 70 1030 86 21 5830 273 85 
N a g y — K — 1 . 1 0 60 15 99 31 193 21 9 2320 75 35 
N a g y — K — 1 . 1 1 110 12 130 42 920 53 12 3030 153 83 
N a g y — K — 1 . 1 2 42 8 138 33 837 38 11 3920 137 42 
N k o — 2 . 1 1 42 8 138 31 667 33 8 3100 72 33 
K k ú t — 2 . 4 15 — 4 62 893 12 14 820 60 65 
K k ú t — 2 . 5 45 24 212 59 910 87 11 3370 113 101 
K k ú t — 2 . 8 17 — 7 46 393 8 14 833 12 16 
K k ú t — 2 . 9 U — 5 ' 23 237 7 9 497 10 — 
Samples GBK—9.15 and Fel—1.15 differ from the gneiss group in their high 
quartz+feldspar and low phyllosilicate contents. These may be the metamorphic 
derivates of dioritic magmatites or of feldspar-rich sandstones. 
The petrochemical (main element) data support the conclusions above concerning 
the para origin. Plotting the petrochemical data (Table 4) in the ACF—AKF 
diagrams (Fig. 2a) these were compared with the average values and fields of the 
main sedimentary and igneous rock types determined by WINKLER [ 1 9 7 6 , 1 9 7 9 ] 
shown in Fig. 2b. It can be stated that 
— except two samples the rocks of the gneiss — mica schist and related mylon-
ite — blastomylonite groups lie in the field of the marine carbonate-free clays and 
graywacke, far off the igneous trend, i.e. these are of para (pelitic-psammitic) origin. 
Out of the exceptions the position of the sample Tar—D—1.5 was displaced towards 
the C-edge due to the secondary carbonate mineral formation. In the AKF diagram 
the sample Cun—1.14 is of transitional position between the clastic sediments and 
granites indicating the granizitation process. 
— The amphibolite sample (Dar—Ny—2.4) falls out of the marl region and 
corresponds to the basaltic part of the igneous differentiation trend, i. e. it is presum-
ably of ortho origin. The projection point of the investigated amphibolite coincides 
also with the ortho field in the MgO—CaO—FeO discrimination diagram of WALKER 




The considerable fluctuations of the trace element contents of the gneiss — mica 
schist and mylonite — blastomylonite groups (Table 5) also indicate that these rocks 
were recrystallized from not homogenized detrital sediments of varying compositions 
within wide limits. In the trace element concentrations of the rocks mentioned above 
there are no remarkable, systematic differences. 
The trace element ratios of the amphibolite sample fall in the ortho fields of the 
discrimination diagrams using the Ni—Co and Ni—Cr ratios [WALKER et al., 1 9 6 0 ] 
as well as the V—Cr ratio [SCHWEDER, 1968] . Taking into account the main element 
composition and the lack of the carbonate rocks in the basement, the amphibolite 
seems to be more of basic igneous than of sedimentary (marly) origin. 
R E C R Y S T A L L I Z A T I O N PHASES, M E T A M O R P H I C E V O L U T I O N 
The mineral assemblage of the first detectable progressive metamorphism in the 
gneiss — mica schist and the mylonite — blastomylonite groups consists of quartz, 
plagioclase (oligoclase), muscovite, biotite ± garnet, staurolite, kyanite, sillimanite 
and potash feldspar. 
Applying the Winkler's classification [1976, 1979] this mineral assemblage in-
volves the whole range of medium-grade metamorphism, and is assigned in the 
facies classification of WINKLER [1967] to the medium-pressure (Barrovian) almandin'e-
amphibolite facies (staurolite-almandine and kyanite-almandine-muscovite sub-
facies). Out of the metamorphic grade indicating minerals the garnet (Plate 1.1) 
is the most abundant. Staurolite is less frequent (Plate LI, 2, 4). while kyanite (Plate 
1.3, 4) and sillimanite occur only in one-one samples. Their associations are: garnet; 
garnet-staurolite; garnet-staurolite-kyanite and garnet-staurolite-sillimanite. 
. Based on the reaction isograde system of metapelites [WINKLER, 1976, 1979] 
the probable temperature interval of the first progressive metamorphism is about 
560—620 °C, the pressure ( P H 2 O = P S ) IS more than 6 kbar. (Temperature and pressure 
were estimated on the basis of the field bordered by the "staurolite-in" isograde and 
the initial anatexis, and of the field above the Al.2Si05 tripple point, respectively.) 
The progressive metamorphic mineral assemblage of amphibolite is hornblende, 
plagioclase (oligoclase), quartz, biotite, garnet, epidote. The temperature of the meta-
morphism might have been between the Winkler's "hornblende-in" and "An17+ 
+hornblende" isogrades, i.e. about 500—520 °C, which is somewhat lower than the 
value estimated for the gneiss — mica schist group. 
Plate I 
1. Textural picture of garnetiferous staurolitic muscovite-biotite schist (sample 
GB—29.2). 
Legend: gr — garnet, st — staurolite, bi — biotite, mu — muscovite. 1 nicol, the 
picture width corresponds to 2 mm. 
2. Syn-tectonic staurolite (st) and biotite (bi) grains in gneiss (samples So—3.3). 
1 nicol, the picture width corresponds to 2 mm. 
3. Post-tectonic kyanite grains (ky) in garnetiferous staurolitic kyanitic musco-
vite-biotite gneiss (sample Nagy—K—1.11). 1 nicol, picture width is 2 mm. 
4. Staurolite and kyanite in gneiss (sample Nagy—K—11). Legend: ky — 
kyanite, st — staurolite, bi — biotite. 1 nicol, picture width is 2 mm. 
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In order to determine the physical parameters of the first progressive metamorph-
ic event more precisely, different geothermometric and geobarometric methods were 
used. The cation numbers per unit cells necessary to the computations were calculated 
from the coexisting minerals analysed by means of electron microprobe (Table 6). 
To satisfy the requirements of the thermodynamic equilibrium, the analytical data of 
adjoining or close-lying mineral grains were used, the homogeneity of the chemical 
composition within the rock and within the individual grains was also studied. In case 
of minerals with chemical zoning (garnets) the composition of grain's margin was 
taken into account. 
TABLE 6 
Average chemical composition of rock forming and accessory minerals 
(electron microprobe da ta in weight percent and numbers of cat ions per uni t cell) 
( A n a l y s e d b y G . N A G Y a n d G . DOBOSI) 
1. Garnet analyses 
1. 2a 2b 3a 3b 4a 4b 5a 5b 6a 6b 
SiO, 37,84 36,57 36,89 37,63 37,80 37,17 37,32 38,40 38,43 36,77 37,41 
TiO, 0,15 0,04 0,05 n . d. n. d. 0,06 0,03 0,19 0,12 0,21 0,23 
A i , 0 3 21,39 20,84 21,17 21,49 21,40 21,37 21,35 21,21 21,64 21,10 21,11 
*FeO 32,82 34,36 34,43 33,27 36,36 30,59 32,23 30,03 32,29 23,42 28,64 
M n O 0,99 1,55 2,12 2,05 0,53 1,80 1,57 2,11 0,38 6,70 1,16 
M g O 3,59 2,33 2,41 1,79 2,85 2,62 2,99 1,23 3,47 1.00 1,38 
CaO 4,28 3,57 3,31 3,70 0,90 6,74 5,03 8,95 5,90 11,14 11,37 K,O 0,00 0,03 0,02 n. d. n. d. n. d . n. d. n. d. n . d. n. d. n . d. 
N a 2 0 0,01 0,03 0,00 n . d. n. d. 0,01 0,11 n. d. n . d. 0,03 0,03 
Tota l 101,07 99,32 100,40 99,93 99,84 100,36 100,63 102,12 102,23 100,37 101,33 
N u m b e r s of cations on the basis of 24 O 
• 
Si 5,977 5,953 5.941 6,040 6,068 5,929 5,945 6,025 5,984 5,889 5.919 
A1 3.983 3.998 4.018 4,065 4,049 4,017 4.009 3.922 3.971 .3,983 3,938 
Ti 0,017 0,005 0,005 n . d. n. d. 0,007 0,003 0,003 0,023 0,024 0,027 
*Fe2 + 4.335 4.678 4,637 4,467 4,881 4,084 4,295 3,940 4,205 3,137 3,791 
M n 0,132 0,214 0,288 0,278 0,073 0,242 0,211 0,280 0,051 0,909 0,156 
M g 0,845 0,565 0,579 0,430 0,682 0,625 0,710 0,287 0,805 0,239 0,326 
Ca 0,723 0,622 0,571 0637 0,153 0,150 0,857 1,505 0,985 1,913 1,927 K 0,001 0,011 0,008 n . d. n . d. n. d . n. d. n . d. n . d . n . d. n . d. 
N a 0,005 0,007 0,001 n. d. n. d. 0,003 0,036 n . d. n . d. 0,011 0,009 
Tota l 16,018 16,053 16,048 15,917 15,906 16,057 16,066 15,982 16,014 16,105 16,093 
1. So—3.3: gneiss, n=3; 2. Viz—1.5: mica schist, a) core (n = 3) and b) edge (n = 3) of the grains ; 
3. GB—29,2 : mica schist, a) core ( n = 3 ) , b) edge ( « = 3 ) ; 4. Da r—3.11 : gneiss, a) core (n = 3), 
b) edge (n = 3); 5. Nagy—K—1.11 : gneiss, a) core ( « = 2 ) , b) edge (n = 2 ) ; 6. D a r — N y — 2 . 4 ; 
amphiboli te , a) core ( n = 2 ) , b) edge (n=2). 
* Tota l F e calculated as F e O and F e 2 + , respectively 
n=number of analyses 
n. d . = n o t determined 
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Incase of the gneiss and mica schist samples the complex p l a g i o c l a s e - b i o t i t e -
garne t -muscov i t e thermobarometer elaborated by G H E N T and STOUT [ 1 9 8 1 ] 
was used. Results are found in Fig. 3 and Table 7. The temperature and pressure 
intervals of 5 5 0 — 6 0 0 ° C and 5 . 9 — 8 . 9 kbar obtained for the first progressive meta-
morphism correspond fairly well to the values estimated from the mineral assemblage 
on the basis of Winkler's reaction isograde system, as well as to the values of 510 °C 
and 7.3 kbar obtained for the amphibolite of Dar—NY—2.4 by the amphibo le -
p lag ioc lase thermobarometer elaborated by PLYUSNINA [ 1 9 8 1 , 1 9 8 2 : Fig. 4]. 
TABLE 6 (cont inued) 
2. Plagioclase analyses 
1. 2. 3. 4. 5. 6. 
SiO a 64,14 61,57 65,40 60,05 64,57 65,63 AI 2O 3 23,14 22,32 21,31 24,09 23,27 22,72 
C a O 4,57 4,77 2,13 5,88 3,89 2,85 
N a s O 9,00 8,93 10,78 8,55 9,48 9,95 
K 2 0 0,09 0,07 0,14 0,03 0,08 0,10 
To ta l 100,94 97,66 99,76 98,60 101,29 101,25 
N u m b e r s of ca t ions o n the basis of 8 O 
Si 2,806 2,791 2,886 2,708 2,812 2,903 ALW 1,193 1,192 1,108 1,280 1,194 1,111 
C a 0,215 0,231 0,101 0,284 0,182 0,126 
N a 0,763 0,785 0,922 0,748 0,800 0,800 
K 0,005 0,005 0,008 0,002 0,005 0,006 
To ta l 4,982 5,004 5,025 5,022 4,993 • 4,946 
1. So—3.3: gneiss, « = 3 ; 2. Viz—-1.5: mica schist , n = 3 ; 
3. GB—29.2 : mica schist, n = 3 ; 4. D a r — 3 . 1 1 : gneiss, n = 3 ; 
5. N a g y — K — 1 . 1 1 : gneiss, n = 3 ; 6. D a r — N y — 2 . 4 : amphibol i te , « = 6 
. 3. Hornblende analyses 
( D a r — N y — 2 . 4 : amphibol i te , >¡ = 8) 
Weight % Cat ion n u m b e r s (23 O ) 
S i 0 2 43,28 Si 6,480 
T i 0 2 0,60 Al*v 1,520 
A1 2 0 3 12,50 
* F e O 17,52 A l w 0,686 
M n O 0,27 Ti 0,068 
M g O 10,68 *Fe2 + 2.194 
C a O 10,37 M n 0,034 
N a a O 2,03 M g 2,448 K 2 O 0,29 
T o t a l 97,54 
Ca 1,664 
N a 0,589 K 0,054 
Tota l 15,737 
* Tota l Fe calculated a s F e O a n d Fe 2 + 
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TABLE 6 (continued) 
4. Biotite analyses 
1. 2. 3. 4. 5. 
S iO, 36,10 34,81 36,16 39,07 35,97 
T i O ¡ 1,78 1,79 1,83 1,71 1,88 
A U 0 3 20,99 17,93 19,63 .18,87 19,84 
* F e O 16,56 22,07 20,35 15,77 16,78 
M n O 0,11 0,10 0,17 n. d. 0,05 
M g O 10,94 8,37 8,92 11,56 11,71 
C a O 0,00 0,04 n. d. n. d. 0,06 
N a ¡ 0 0,23 0,06 0,36 0,19 0,19 K,O 9,17 8,93 8,91 8,93 8.19 
Tota l 95,88 94,10 96,33 96,10 94,67 
N u m b e r s of cations in the basis of 22 O 
Si 5,355 5,437 5,439 : 5,700 . 5,389 
A l i v 2,645 2,563 2,561 2,300 2,611 
Al v i 1,024 0,737 0,918 0,967 0,893 
Ti 0,198 0,211 0,207 • ' ! : 0,188 0,212 
*Fe2 + 2,055 2,884 2,559 1,935; 2.105 
Mn 0,015 0,013 0,022 n. d.V 0,007 
M g 2,421 1,949 2,001 2,526 . 2,615 
Ca 0,000 0,006 n. d. n. d . 0,009 
N a 0,067 0,019 0,104 ". 0,054 0,055 K 1,736 1,780 1,709 1,669 1,565 
Total 15,516 15,599 15,520 15,339 ' 15,461 
1. S o --3 .3 : gneiss, n = 2; 2. Viz—T.5 : mica schist, n = 7; 
3. G B —29.2 : mica schist, 11 = 5; 4. Dar—3.11: gneiss, « = 3; 
5. Nagy—K—1.11: gneiss, n = 4. 
* Total Fe calculated as F e O and Fe2 + 
n. d . = not determined. 
5. Muscovite analyses 
1. 2. 3. 4a 4b 5. 
SiO 44,50 45,85 46,93 45,76 46,20 46,34 
T i O j 0,40 0,51 n. d. 0,61 0,46 0,51 ALJO, 34,81 33,57 34,94 34,21 33,86 34,74 • 
*FeO 0,65 1,15 0,83 1,07 1,85 1,20 
M n O 0,02 0,01 n. d . 0,04 0,01 0,01 
M g O 0,60 0,86 0,66 1,06 1,46 0,91 
C a O 0,00 0,02 0,05 0,01 0,00 0,01 
N a „ 0 1,16 1,09 1,56 1,06 0,39 1,23 K,O 9,59 9,64 9,45 9,69 9,95 9,47 
91,73 92,70 94,42 : 93,51 : 94,18 94,42 
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TABLE 6 (continued) 
N u m b e r s of cat ions on the basis of 22 O 
Si 6,125 6,224 6,260 6,190 6,220 6,198 
A l i v 1.875 . 1,776 1,740 1,811 1,780 1,802 
A l v l 3,772 3,656 3,756 3,644 3,593 3,674 
Ti 0,041 0,053 n . d. 0,063 0,046 0,052 
*Fe2 + : 0 ,074 0,132 0,093 0,122 0,208 0,135 
M n 0,003 0,001 n . d. 0,005 0,002 0,001 
M g 0,124 0,176 1,131 0,214 0,293 0,182 
C a 0 ,000 0,003 0,008 0,001 0,001 0,002 
N a 0,308 0,289 0,403 0,278 0,103 0,320 
K 1,684 1,687 1,608 1,672 1,709 1,617 
Tota l 14,006 13,997 13,999 14,000 13,955 13,992 
1. So—3: gneiss, n = 2 ; 2. Viz—1.5: mica schist, n = 4 ; 
3. GB—29.2:! mica schist, « = 3 ; 4. R u l — 3 . 2 : phyllonit ic b las tomyloni te , a) large porphyroclas ts , 
n = 2, b) small sericite flakes, n — 3 ; 5. N a g y — K — 1 . 1 1 : gneiss, n = 8. 
* Tota l F e calculated as F e O and Fe 2 + 
n. d . = no t de te rmined 
400 600 800 ^ 3 
T ° c 
Fig. 3. P — T condit ions and geothermal gradient-range of the first progressive metamorphism of the 
crystalline basement based o n the geothermobarometer of GHENT and STOUT [1981] showing 
also the values obtained by the method of PLYUSNINA [1981 1982] f o r amphibolites. 
Legend: 1 — gneiss, 2 — mica schist, 3 — amphiboli te, A — andalusite, K — kyanite 
S — sillimanite. 
This latter thermobarometer is based on the P—T dependent changes of the anorthite 
content of the plagioclase and of the Al-content of hornblende in zoisite-epidote 
containing assemblages. 
Presuming the pressure relations P f =P s %Pj (which is generally accepted for the 
amphibolite facies conditions, [see WINKLER, 1 9 7 6 , 1 9 7 9 ] and using an average rock 
density value, the pressure — depth — temperature relationship is demonstrated in 
Fig. 3 (P, — fluid pressure, Ps — pressure acting on the solid phases and P, — litho-
static or load pressure). Accordingly, the first progressive metamorphism was going 
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TABLE 6 (continued) 
Temperature and fluid pressure conditions of the first progressive 
metamorphic event 
Sample R o c k type 
T h e r m o b a r o m e t e r s 
plagioclase-biotite 
garnet-muscovi te 
( G h e n t and Stout , 1981) 
amphibole-p lag ioc lase 
(Plyusnina , 1981, 1982) 
T [ ° q P f [Kbar ] T ' [°C] P r [ K b a r ] 
So—3.3 si l l imanite-stauroli te-
garnet-biot i te-
muscovite-gneiss 564 7,5 — 
Viz—1.5 garnet-biot i te-
muscovi te schist 598 6,9 — 
G B — 2 9 . 2 s taurol i te-garnet-
muscovi te-biot i te 
schist 582 5,9 — — 
D a r . N y — 2 . 4 garnet-epidote-biot i te 
amphibo l i t e — — 510 7,3 
N a g y — K - l . l l kyanite-stauroli te- 551 8,9 — . — 
muscovite-biotite gneiss 
Fig. 4. P — T condit ions of amphibol i te metamorphism according to the geothermobarometer of 
PLYUSNINA [1981, 1982] f o r amphibole-plagioclase. 
on in a system with a geothermal gradient interval of 1 7 — 2 7 °C/km. This result 
supports the former statement of LELKES-FELVÂRI, SASSI et al. [ 1 9 8 1 ] giving the 
first quantitative data on the geothermic regime of the metamorphism. This gradient 
interval is characteristic of the medium pressure range (Barrovian) facies series. 
The garnèt, staurolite, kyanite, and according to the thermobarometric analysis of 
the sample SO—3.3, the sillimanite were generated by this metamorphism. 
Traces of anatectic or potash-metasomatic migmatite formation could not be 
evidenced in the samples except a few uncertain cases. Nevertheless, the plagioclase 
(oligoclase) porphyroblasts are common and characteristic in the rocks. The formation 
of plagioclase porphyroblasts (more precisely: poikiloblasts containing the often 
resorbed inclusions of quartz, biotite, muscovite and garnet, see Plate II.2) together 
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with the rarely observable mirmekite formation can be evaluated as a phase directly 
preceeding the anatexis in the course of the recrystallization. 
The presence of andalusite in one sample indicates that in addition Ito the 
Barrovian metamorphic event an other (low-pressure) amphibolite faciesj meta-
morphism of > 3 4 °C/km gradient also acted in certain, restricted parts of the 
Somogy—Drava Basin. The relationship between andalusite and kyanite is unknown. 
As in the studied sample of Kut—2.16 the andalusite is younger than the mostly 
syntectonic garnet+staurolite assemblage (the andalusite contains resorbed staurolite 
inclusions, see Plate II. 1), it can be assumed that the medium pressure kyanitic type 
recrystallization" was overprinted by a low-pressure andalusite-type metamorphism 
in a subsequent tectonophase or -cycle. (Because of the weathered state of the anda-
lusite-bearing sample the thermobarometric method could not be used.) 
Presumably this second (andalusitic) metamorphic event can be related1 to the 
Hercynian granitization of the Mecsek Mountains and of the Danube—Tisza 
Interfluve from spatial, temporal and genetic points of view as well. ' 
The two metamorphic events outlined above were followed by a younger, low-
temperature retrograde metamorphism. Its temperature did not reach the biotite 
isograde < 4 5 0 ° C , see WINKLER, 1 9 7 6 , 1 9 7 9 ) and might be 200—400 °Gj corre-
sponding to the anchizone and the low temperature part of the greenschist facies 
(chlorite-zone, epizone). Its mineral assemblages consisting of. quartz, sericite, 
chlorite, calcite, siderite and dolomite can not be or can only be hardly distinguished 
from the products of the subsequent weathering processes. The illite crystallinity 
parameters of the not weathered or slightly weathered, biotite-free retrograde meta-
morphic samples indicate mostly epizonal (greenschist facies) conditions. Tie fluid 
pressure of the retrograde metamorphism can be estimated only on the basis of the 
b0 average of the white micas (x=8.996 A, n = 3 ) which presumes low-pressure con-
ditions. The carbonate minerals being always present in these assemblages indicate 
that the COa in addition to the H 2 0 might have played an important role in the fluid 
system of the retrograde recrystallization; 
Locally, the retrograde metamorphism was connected (most probably somewhat 
preceeded) by cataclastic metamorphism (mylonite formation): samples Rul—2.2, 
Rul—3.2, GB—29.4, Se—2.18, Kkut—2.4—9 (Plate II.4). The mineral assemblages 
of the "static type" retrograde metamorphism characterized above and the assem-
blages of the weak matrix-recrystallization (blastomylonite formation) subsequent to 
the dynamic mylonitization are the same. There is a considerable difference, in the 
phengite content of muscovite generated by the first progressive metamorphism 
and of sericite generation produced by blastomylonite formation (see Table 6 p'oint 5). 
When summing up the conclusions the evolution of the metamorphic basement 
can be divided in the phases below, in relative time scale: -
A) the oldest event was a Barrovian medium pressure, medium-grade (alman-
dine-amphibolite facies) regional metamorphism with a geothermal gradient range of 
17 to 27 °C/km. This was followed by 
B) and andalusite-type (low-pressure, > 3 4 °C/km gradient) amphibolite facies 
overprint, and 
C) a predominantly low-pressure, low-temperature, anchi-, epizonal regional 
metamorphism (<450 °C), locally with cataclastic (mylonitic, blastomylonitic) 
character. 
By means of geothermometric and geobarometric methods only the physical 
parameters of the event A) could be determined: 510—600°C and 5.9—8.9 kbar. 
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Having no isotope geochronological data and counting with the chronological 
uncertainties of the metamorphic and granitoid rocks of the Mecsek Mountains 
adjoining to the investigated area, the chronological classification of the metamorphic 
events can be made on the bases of farther and presumed analogies. Consequently, 
several hypothetic models can be established. The possibilities exemplified by the 
Eastern Alps ( F R A N K , PURTSCHELLER et al., in NIGGLI 1978] are as follows: 
1) A) Caledonian, B) Hercynian and C) Hercynian and/or Alpine: 
2) A) older Hercynian, B) younger Hercynian and C) younger Hercynian and/or 
Alpine. 
Based on the models of the Carpatho-Pannonian region [SZÁDECZKY-KARDOSS, 
ÁRKAI et a l , 1 9 7 6 ] : . 
3) A) Dalslandian = Early Baikalian, B) Hercynian and C) Hercynian and/or 
Alpine. 
Out of these models the varieties 1 and 2 seem to be the most probable. To prove 
them, however, further detailed and systematic isotope geochronological investiga-
tions are required. 
W E A T H E R I N G 
By means of the usual microscopic investigations the retrograde metamorphic 
mineral assemblages consisting of sericite, chlorite, quartz and carbonate minerals 
can not be distinguished from the similar mineral parageneses formed by surficial 
or near-surface chemical weathering of the crystalline basement rocks by the migration 
of low-temperature solutions. Thus, concerning the effects of weathering conclusions 
could be drawn only from the qualitative and quantitative relations of clay minerals 
forming under low-temperature conditions, and from the illite crystallinity indices of 
the biotite-free samples. 
Based on the clay mineral assemblages (Table 2) it can be stated that in the 
samples investigated the degradation process being progressively parallel with in-
creasing weathering was incomplete. Out of the members of the illite—kaolinite — 
—mixed layer clay mineral—smectite degradation (weathering) series determined 
by RIEDMULLER [ 1 9 7 8 ] for phyllosilicate bearing metamorphic rocks only kaolinite 
and illite could be detected in the crystalline basement of the Somogy—Drava Basin. 
Out of the samples investigated, ten samples contained kaolinite between trace and 
Plate II 
1. Andalusite (a) with inclusions of staurolite (st) and biotite (bi) in gneiss 
sample Kut—2,16. 1 nicol, picture width is 1 mm. 
2. Plagioclase poikiloblast (pi) containing resorbed biotite (bi) inclusions in 
mica schist (sample GB—29.2). Legend: q — quartz. Crossed niçois, picture width 
is 2 mm. 
3. Textural picture of amphibolite (sample Dar—Ny—2.4). 1 nicol, picture 
width is 2 mm. 
4. Textural picture of blastomylonite of gneissic origin with muscovite (mu) 
porphyroclasts. — crossed niçois, picture width is 2 mm. 
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W h o l e r o c k s a m p l e s 
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i n c r e a s i n g c r y s t a l l i n i t y 
( o r d e r i n g ) o f i l l i t e 
Fig. 5. Effect of weathering on the illite crystallinity indices of the biotite-free metamorphic rock 
Legend: 1 — gneiss and mica schist, 2 — mylonite, 3 — blastomylonite, 4 — trace — 5% 
kaolinite 5 — > 5 % kaolinite content. 
5%, and five samples between 5 and 15%, thus regarding the quality, the chemica 
weathering was partial and initial, and concerning the quantitative relations, only o 
minor significance. 
In the samples not containing biotite the illitization producing low-temperature 
disordered lattice can be detected only by the illite crystallinity indices, first of all by 
the Weaver-index. The results , of this unusual, novel application of illite crystallinity 
methods used so far only to distinguish the progressive stages of the diagenesis and 
incipient metamorphism, are shown in Figs. 5 and 6. 
It can be seen in Fig. 5 that in the initial stage of weathering (when the samples 
contain small quantities of poorly crystallized, disordered illite) the Weaver-index 
considerably decreases while the Kubler-index remains nearly the same as in the not 
weathered samples. This phenomenon can be explained by a mixture of the muscovite 
having good crystallinity and of illite with not perfect, disordered structure. The in-
creasing illitization is usually accompanied by the appearance of kaolinite and by its 
increasing amount. A tendency similar to that observed in the bulk rock samples 
can be observed in the fractions of less than 2 microns too (Fig. 6). 
It can be also assumed that at least a part of the chlorite was generated also by 
weathering. Its proof, however, needs further investigations. 
The carbonate minerals generated by retrograde metamorphism and formed 
also in the subsequent surficial or near-surface weathering can hot be distinguished 
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either. The carbonate formation took place in several phases from the diffuse imbi-
bition up to the fissure filling with sharp boundaries producing the formation of 
calcite, dolomite and siderite. 
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Fig. 6. Effect of weathering on the changes of illite crystallinity of the f ract ions of less than-2 mi-
crons in relation with the kaolinite content of the whole rock samples. 
Legend: 1 — gneiss, mica schist, 2 •— mylonit.e 3 — blastomylonite, 4 — > 5 % kaloinite 
content . 
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A N A T T E M P T F O R D I S T I N C T I O N O F A M P H I B O L I T E S B A S E D 
O N S T A T I S T I C A L A N A L Y S I S O F T H E I R B U L K C O M P O S I T I O N 
J . GEIGER a n d T . SZEDERKÉNYI 
A B S T R A C T 
Dist inct ion between different amphibol i te types usually is solvable by great n u m b e r of discrim-
inat ion diagrams based on chemical composi t ion and trace element content . Using mathemat ical 
statistics (cluster analysis as well as hypothesis analysis) ano ther me thod is presented in this paper 
Th is a t tempt proves a fairly good fitness of these statistical methods fo r the distinction of amph i 
bolites. 
I N T R O D U C T I O N 
Due to their uniform mineralogical-petrographic and petrochemical character-
istics as well as lithostratigraphic position, a distinction of different amphibolites 
of South Transdanubia and Great Hungarian Plain is very difficult. Having essential 
importance for the correlation, these amphibolite intercalations (lenses or beds) 
of thick and monotonous gneiss-mica-schist complexes, similarly to that of marble 
beds require an emphasized attention of the researchers. 
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The aim of this attempt is to develop a mathematical method for the evaluation 
which renders the long and sometimes gloomy graphical works (discrimination 
diagrams) shorter and makes it more understable. This attempt is based on numerous 
bulk composition data gained from amphibolites of South Transdanubian Görcsöny-
and Ófalu Groups which has already been evaluated and interpreted by a traditional 
petrological method [SZEDERKÉNYI, 1982]. 
R E V I E W O F T H E I N V E S T I G A T E D C O M P L E X E S 
Metamorphics belonging to the crystalline groundfloor of Southeast Trans-
danubia (Fig. 1) are subdivided into two groups lithostratigraphically: (1) Görcsöny 
Group and (2) Ófalu Group [SZEDERKÉNYI, 1977], see Fig. J. Both groups contain 
numerous amphibolite intercalations and show certain diversities in their lithology 
and metamorphic development as well as geochemistry, too. Their most important 
characteristics are as follows: 
1. The Görcsöny Group is located on the southern foreground of Western Mecsek 
Mts. and consists of a well-developed sequence of Barrow-type metamorphics con-
taining zones from chlorite up to sillimanite (and migmatization) with a well detected 
progressivity from SW to NE. Its characteristic rock-types are: chlorite schist, 
biotite-muscovite schists and gneisses with or without garnet, staurolite, kyanite, 
sillimanite minerals corresponding to the Barrovian zonality and amphibolite and 
actinolite schist intercalations as well as marble and/or dolomitic marble lenses 
together with calc-silicate rocks having regional polymetamorphic origin. 
2. The Ófalu Group joints to the northern margin of the Mórágy granite mass. 
Its members form a strongly sheared and diaphtorized crystalline schist sequence 
which is developed by a greenschist-amphibolite grade of regional metamorphism 
and a considerable shearing. Its most important rock-types are: metagraywacke with 
basic and intermedier tuffs and lavas, chlorite schists, siliceous shales with chert, 
sericitized phyllonitic rocks, actinolite schists and amphibolite beds as well as a 
rather thick (30—70 m) crystalline limestone member having chlorite schist inter-
calations. Several parts of this strongly sheared and tectonically dissected sequence 
show a weak melting phenomenon connected with the shearing [SZEDERKÉNYI, 1974]. 
M E T H O D S O F S T A T I S T I C A L A N A L Y S I S 
Requirements of the applied analytical technique are: 
— to give a real genetical arrangement of samples by means of their geochemical 
features, 
— to describe several geochemical connections among the genetical units 
obtained, 
— to point out some genetical differences and similarities among these groups. 
In the first step of this statistical work several possibilities of different grouping 
phrough the bulk chemical analysis of the amphibolites and their geological inter-
pretation are examined. In the second step a mathematical modelling of applied 
cetrotectonic interpretations is attempted. The applied mathematical process is a 
combination of multiple hierarchical classification and hypothesis analysis as well as 
torrelation one, which is suitable for drawing several geological-geochemica 
inferences of particular importance for the geology of crystalline complexes of South 
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Chemical composition ( calculated on volatile-free basis) 
of the Ôfalu Group amphibolites as well as Gôrcsôny Group ones 
N o . of samples Componen t s 
SiO, TiO a A1,0 3 Fe ,O a F e O M n O M g O C a O N a t O K , O P . O . L.O.I. 
Gôrcsôny G r o u p 
VX 47.64 2.56 14.22 1.14 10.17 0.08 5.35 11.71 3.19 2.05 1.26 2.98 
v , 47.89 2.55 13.95 1.60 10.46 0 . 1 1 5.23 10.69 3.19 1.80 1.38 2.73 
v 3 47.13 1.19 14.58 0.35 12.24 0.22 6.10 10.49 3.08 1.50 1.48 2.48 
V, 48.62 2.05 14.89 0.35 12.05 0.18 5.22 9.57 3.59 1.23 0.23 2.36 
V6 45.98 3.07 12.88 1.30 12.63 0.17 8.24 11.58 2.56 0.91 0.39 2.29 
V„ 47.49 2.87 14.83 0.52 12.21 0.16 6.35 9.22 3.43 1.37 0.29 2.42 
V7 49.57 2.72 15.76 1.52 10.08 0.16 6.76 9.15 2.15 1.70 0.25 2.44 
V8 47.31 2.82 13.77 1.18 11.11 0.10 6.50 11.32 2.92 1.20 1.09 2.38 
V0 50.57 3.33 15.14 0.58 12.03 0.16 4.20 10.14 2.07 1.02 0.27 2.36 
V10 46.47 3.23 14.57 0.99 10.67 0.21 7.42 10.97 2.60 1.31 1.16 2.87 
V „ 48.39 2.88 13.98 1.29 9.50 0.21 6.53 9.42 2.80 2.18 1.02 1.53 
V „ 46.61 3.13 14.23 0.98 11.29 0.26 7.36 10.35 2.63 1.39 1.13 2.13 
V „ 50.34 3.01 14.42 1.20 9.04 0.16 7.10 9.45 1.30 3.23 0.89 2.11 
Vx. 47.65 3.00 14.45 0.54 10.64 0.18 7.54 10.40 2.83 1.16 1.05 2.40 
Ôfalu G r o u p 
v 1 8 51.85 1.56 13.88 3.94 6.88 0.19 6.49 10.40 4.11 0.78 0.16 3.78 
v l 6 47.93 1.27 15.48 1.02 12.80 0.17 7.38 11.02 2.34 0.31 0.22 4.17 
v „ 50.64 1.67 13.87 2.67 5.17 0.26 8.21 8.92 3.24 3.39 0.37 4.34 
V I . 51.47 1.88 13.42 3.13 10.74 0.18 8.17 0.57 2.48 0.99 0.19 4.03 
V „ 52.73 2.49 14.27 3.41 8.27 0.82 5.92 7.69 4.35 0.53 0.24 2.11 
v ,„ 51.27 2.44 15.59 4.24 8.47 0.23 4.92 9.80 2.89 0.34 0.46 2.62 
V „ 48.39 2.01 13.52 2.92 9.66 0.95 6,98 12.42 2.24 1.03 0.22 3.77 
V2a 50.24 0.68 15.99 3.16 7.73 0.25 8.80 9.60 2.78 0.70 0.33 3.05 
N o . of the samples 
V t - Baksa N o . 2. drilling, 
Va Baksa N o . 2 drilling, 
Va Baksa N o . 2 drilling, 
Y t Baksa N o . 2 drilling, 
V2 Baksa No . 2 drilling, 
V3 Baksa N o . 2 drilling, 
V4 Baksa N o . 2 drilling, 
V e Baksa N o . 2 drilling, 
V6 Baksa N o . 2 drilling, 
V , Baksa N o . 2 drilling, 
V8 Baksa N o . 2 drilling, 
V„ Teseny N o . 1 1 drilling, 
Vio Teseny N o . 1 drilling, 
V, i Gyöd N o . 3 drilling, 
Vis Gy6d N o . 3 drilling, 
V13 Gy6d N o . 4 drilling, 
V u Okoräg N o . 1 drilling 
V10 Bätaapät i , Kövespatak 
V l 6 Alsönäna N o . 1 drilling, 
V17 Öfalu, Sheep-fold Valley 
V18 Öfalu, Goldgrund 
Vi Öfalu , Studer Valley 
V80 Bätaapät i , Kövespatak 
V n Erdösmecske, village 
V j j Erdösmecske,[village 
Ol 
vo 
Source of the investigated samples 
TABLE 1 
(continued) 
T . SZEDERKHNYI [1982] 
102.3 in 
B . JANTSKY [ 1 9 7 9 ] 
B . JANTSKY [ 1 9 7 9 ] 
T . SZEDERKÉNYI [ 1 9 8 2 ] 
M . A . F . GHONEIM., T . SZEDERKÉNYI [ 1 9 7 7 ] 
of the results obtained in close connection with the geological considerations, a 
few quantitative checking points are enclosed into the mathematical process (see 
Fig. 2). 
In the first step of the analysis, each sample is represented by 12 dimensional 
vectors derived from' the chemical components (Table 1) belonging to the given 
sample (more exactly: each value of all parameters is divided with the standard 
deviation of the given parameter. This methods liquidates the mistakes derived from 
the differences of the order magnitude. The classifying algorithm has been carried 
out this rescaled sample). A classification of the points of the sample-space is carried 
out by group average method of cluster analysis [MICHENER, 1958 ] . A vectorial 
distance is regarded as a similarity parameter. Results of the analysis are displayed 
on a dendogram or dendograph (Fig. 3). At the interpretation of dendograms it is 
important to consider that the horizontal lines having different similarity parameters 
and drawn in different heights on the graph, correspond to different hierarchy of the 
sample classes. (As synonyms of the sample class concept, the "cluster class" and 
"group", or "genetical unit" expressions are also used in this paper.) Consequently, 
according to their contents, only the sample classes having same similarity level 
can be set against with each other. Including a lower similarity level as well as a higher 
one of a sample class, the first one (the lower level) can be characterized as a special 
case of the second one (the higher level). 









\ V5 V3 V" V'~ V' Vo VP V:2 v5 V3 % VB VB V, V„ V,0 VB V22 
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G0RCS0NY GROUP 0FALU GROUP 
Fig. 3. D e n d o g r a p h of the Gorcsony G r o u p amphiboli tes as well as O f a l u G r o u p ones 
Since the cluster classes obtained are originated from the grouping of different 
sample-vectors, every cluster expresses some kind of genetical relationship of the 
samples contained by it. Theoretically, each different cluster represents several rock-
types of heterogenous origin, or of the same origin showing the results of hetero-
genous geochemical events during their genesis. Consequently, degree of similarity 
of the obtained statistical sample classes appears as an image of some kind of genetical 
relationships of the examined rock-samples. The sample classes! linked in the highest 
similarity level of a dendogram, represent a group of the most important rock-
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TABLE 2 
Averages (x) and related standard deviation values (s) of the chemical components of the 6falu Group 
amphibolites as well as Gorcsony Group ones 
G r o u p 
N o . of 
sam-
ples 
S i0 2 T i 0 2 A 1 Ä Fe2O a F e O M n O MgO C a O N a s O K j O P , O s L. O. I. 
Gorcsony 
G r o u p 14 1.392 0.553 0.681 0.425 1.112 0.049 1.112 0.871 0.601 0.603 0.460 0.351 
6 f a l u - G r o u p 8 1.666 0.601 1.023 0.974 2.356 0.315 1.303 3.610 0.796 0.999 0.103 0.801 
Gorcsony 
G r o u p 14 47.976 2.744 . 14.405 0.967 11.009 0.168 6.421 10.319 2.739 1.575 0.849 2.391 
Ofalu Group 8 50.565 1.750 14.503 3.061 8.715 0.381 7.109 8.803 3.054 1.009 0.274 3.484 
genetical units. The sample classes are defined only up to the similarity level as far as 
they have still a precise geological-petrological content (see Fig. 3). 
A geochemical comparison of the opposed cluster classes is carried out by 
hypothesis analysis of the parameters obtained (Fig. 2). The aim of this comparison 
is to select several components which suffered different effects during their for-
mation in the opposed sample classes. This operation carried out by the sequence of 
so called "F-test" and "T-test"; the type of T-test depends on the result of F-one 
(Fig. 2). If on a fixed level of significancy the result of the F-test demonstrates appre-
ciable differences in the values of the standard deviation (with a certain reservation) 
it can be inferred on some qualitative differences in the geochemical events during 
the rock genesis. A significant deviation of the mean-values shown by the T-test 
suggests quantitative differences in the events [NAGY, 1969] . Fig. 2 [after NAGY, 1 9 6 9 ] 
also presents some geological interpretations belonging to different variational pos-
sibilities. Geochemical components which can characterize several cluster classes 
(Figs. 3, 7, 10, 11) are granted by this figure. At the same time, a geochemical 
interpretability of the obtained results also gives a checking-point for the series. 
Geological conclusions are originated from here (Fig. 2). 
After the definition of all geologically interpretable sample classes, the next 
task is to describe each group. It can be carried out by the revelation of the particular 
relationships of the chemical components. Firstly, the related component-groups 
are determined in the sample classes by the "R-test" of cluster analysis. The strength 
of dependence between the chemical components is measured by the correlation 
coefficient, and the hierarchic classification is made again by the "group-average 
method" (Figs. 4, 5). Since in this algorithm the causal relations and/or symptomatic 
ones are reflected in a hidden-way, a structure of relations existing between para-
meters is developed by the so called "ramifying linkage method" [TYRON, 1 9 3 9 ; 
CATTEL, 1 9 4 4 ; GEIGER, 1982] . Further on, these structures will be regarded as geo-
chemical (correlation) profiles (Fig. 6). The correctable features are signed by a 
straight line on Fig. 6. The number being close to this line expresses a value of a 
correlation and its sign gives a direction for this correlation. The geochemica 
0.00 
Feo Kfi Fe0¿,Ca0 Alfa S¡02 P20t¡ FeO¡ MgO TiO, Nop MnO L 01. Conponenls 
A, 
Fig. 4. D e n d o g r a p h of the Gôrcsôny G r o u p amphiboli tes based o n the corre la t ion coefficients 
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Fig. 5. Dendograph of the Ofalu G r o u p amphibolites based on the correlation coefficients existing 
between chemical components 





Fig. 6. Geochemical correlation profiles of the Ôfal o Group amphibolites (I) as well as Gorcsony 
Group ones (II). 
Legend: F G = numbers of degree of the f reedoms 
P = level of the significancy 
(rfc) = critical value of the correlation coefficient 
interpretation related to several genetical units of the rock samples is given by the 
evaluation of the geochemical correlation profile, as well as similar groups of the 
components. Moreover, the correlation profile is also suitable for the realization of 
different geological conclusions obtained from the second and third levels of Fig. 2. 
Chemical components showing the same evolution within a genetical unit are 
also selected. The obtained results offer numerous useful complementary information 
for the analysis of the progress of development. The way of this process is the F-test 
and T-one of the hypothesis analysis. 
Finally, a complete analysis of series of the geochemical data is completed by 
the synthesis of several geological conclusions obtained from the first, second and 
third levels in Fig. 2. . 
163 
I N T E R P R E T A T I O N O F T H E R E S U L T S 
One of the most important results of the cluster analysis is a perfect separation 
of the samples of Gorcsony and Ofalu amphibolites based on the similarity level 
No. 6,4 of the dendogram Fig. 3 (which is calculated and compiled by chemical ana-
lyses in Table 1). Consequently, amphibolites originated from both groups have a 
fairly divergent evolution. This' separation can be interpreted as different origin, 
or site, or a possibly another premetamorphic and/or metamorphic history, etc. 
The separated cluster-class of the Gorcsony Group in the Fig. 3 shows a further 
division possibility into two subclasses (named A and B) on the similarity level 
No; 2, 6. A sample signed V9 may be regarded as a supplementary class of the Gor-
csony Group, but being a single element it should rather be considered as a variation. 
Due to its little sample-number a similar subdivision cannot be made in the Ofalu 
Group. 
According to the hypothesis analysis of the mean values andstandard deviations, 
it is obvious that the A1203, MgO, N a 2 0 K 2 0 , Si02 T i0 2 componeots mathematically 
show the same evolution but the Fe203 , FeO, P2Os MnO, CaO, and the "loss of 
ignition (L. O. I.)" parameters are formed by different ones in the amphibolites of the 
Ofalu and Gorcsony Groups (Fig. 7). The components derived in the sameway, 
are suitable for a further differentiation based on their T-test. Morevoer, the Fig. 7 
Si02 Ti02 A1A F e A FeO MnO MgO CaO NajO K20 P205 L.O.I. 
F - test • • • • • « 
t - test • 
Fig. 7. Hypothesis analysis of the chemical components of the Ofalu G r o u p amphibolites as wel 
as Gorcsony Group ones. 
Legend: • no significant difference pointed out in the development of the investigated 
features on significancy level P = 0 . 0 5 (F-test) and in the medium intensity of 
the process produced by the investigated features (T-test). 
shows a perfect genetical identity (i.e. same evolution and same intensity) in the 
features of the A1203, MgO, N a 2 0 and K 2 0 . But in spite of the same evolution, the 
Si02 content of the Gorcsony amphibolites is significantly lower, and the Ti0 2 
content is significantly higher than that of 6falu ones. Fe203 , FeO, P 2 0 5 and L.O.I, 
components represent a total genetical difference between both groups (divergent 
evolution characterized by different intensity). But, the values of MnO and CaO were 
formed by divergent processes with the same intensity. After all, the most important 
geochemical differences between 6falu and Gorcsony amphibolites are given by the 
formation of Fe203 , FeO, P 2 0 5 and L.O.I, parameters. The caracteristic and extreme 
high P2Os content of the Gorcsony amphibolites suggest magmatically and essentia 
difference in the parent rocks of both amphibolite groups. 
Further differences can be traced by results of cluster analysis, too. A dendograph 
drawn on the basis of the chemical components of Gorcsony amphibolites (Fig. 4) 
shows a bipartition among them as it is mentioned before (subclasses A and B). 
The B subclass is represented by MnO and L.O.I, components (where the correlation 
coefficient is smaller between them than the critical but still acceptable value: see 
Fig. 4 B and Fig. 6 II). All other components belong to the A subclass. A similar 
bipartition can be observed on the graph of the 6falu amphibolites (Fig. 5). The 
A subclass is determined by MnO, CaO and AI203, but all other chemical components 
to the subclass B. Common features of both graphs (Fig. 4 and Fig. J) are: (1) further 
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differentiation occurs only in the subclasses A, (2) FeO, FeOlo, and K 2 0 establish 
the same members in both A subclasses. 
Geochemical correlation profiles of both amphibolite groups show fairly sharper 
genetical differences between them than the dendographs do. Fig. 6 shows four no-
correlatable systems in the Ofalu amphibolites. MnO, CaO and L.O.I, data (from 
13 components) have no significant correlation either with each other, or with other 
components. In the Gorcsony amphibolites (Fig. 6 II) the parameters TiOs, MnO, 
Na 2 0 , P205 and L.O.I, show the same picture. Geochemical (correlation) profile 
of these amphibolites contains two no-correlatable systems with three mutually 
acting components: A1203—CaO—Si02 triad influenced by Fe203 through the Si02, 
as well as the FeO — FeO,ot — KaO one. 
sio2 Ti02 ALFT FejQ FeO MnO MgO CaO Na£ K20 P2O5 L.0.1. 
Si02 \ + + + • + « • + 




AÍ203 \ + + • 
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• 
+ • • 
+ 
R?203 \ 
+ + • 
+ • • 
+ • 
R?0 \ + • • ¥ + + 
MnO \ + 
MgO \ • + 
+ + 
CaO \ • • 
NojO \ + • • + 
K : 0 \ • 
+ 
P A \ • 
L.O.I. K 
Fig. 8. Result of the F-test hypothesis analysis of the Ófalu Group amphibolites as well as Gorcsony 
G r o u p ones based on chemical data. 
Legend: + no significant difference pointed out in the development of both variables on 
the significancy level P = 0.05 in the Ófalu G r o u p amphibolites 
• The same for the Gorcsony G r o u p amphibolite 
In Figs. 8 and 9 a paired hypothesis analysis of the examined parameters of both 
groups are presented. Based on the results of this operation, several component-pairs 
having a common origin are pointed out. These pairs in the Gorcsony amphibolites 
are: TiOa — K 20, Fe203 — NaaO, Fe203 — L.O.I., FeO — MgO and NaaO — 
L.O.I, pairs in the Ófalu amphibolites. The rock-evolutional interpretation of these 
pairs is rather complicated and in many cases uncertain. Triads' having the same 
origin are much more interpretable. E. g. in the Ófalu amphibolites an Fe203 — 
Na 2 0 — L.O.I, system exists as a triad showing the same origin, but such a triad is 
missing from the Gorcsony amphibolites. 
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Si02 r i02 A f A F e f t FeO MnO MgO CaO McyO K 20 P A LO.I. 
s o 2 \ 
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A l f t \ 
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4 





N a p \ 4 • 
K20 \ 
P A \ 
LO.I. \ 
Fig. 9. Result of the T-test hypothesis analysis of the Ofalu Group amphibolites as well as Gorcsony 
Group ones based on chemical data . 
Legend: The same as that of Fig. 7. 
This feature of the Ofalu amphibolites follows partly from the spilitic character 
of their parent-rocks and partly from the effect of a considerable shearing and diaph-
toresis. The lack of this character from the Gorcsony amphibolites can be explained 
by non-spilitic parent-rocks and the absence of shearing. A further difference between 
two amphibolite groups appears in the individual behaviour of MnO in the Gorcsony 
Group, as well as in a similarly unique evolution of P205 in the 6falu Group contri-
buting to the confirmation of the main result of the cluster analysis, namely: the 
Gorcsony and Ofalu Groups have different origin. 
Due to a higher rock-sample number, the Gorcsony amphibolites are suitable 
for a further detailed analysis. According to a comparative hypothesis analysis of its 
subclasses A and B (originated from the dendogram in Fig. 3) show conspicuous 
differences between them. Thus, the mean-values of Ti02, MgO and NazO are signi-
ficantly higher in the B subclass than that of in A one (Table 3). Precursors of these 
amphibolites represent the most mafic parent-rock types of the pre-metamorf se-
quence. Otherwise, according to their parameters, each sample of the Gorcsony 
amphibolites can be regarded homogeneous in the evolutional point of view (Fig. 10). 
Simultaneously, it means fairly constant evolutional circumstances within this 
group (i.e. the same magmatype and same grade of metamorphism, etc.). Some small 
but observable differences existing between them can be attributed to a varying grade 
of epidotizational effect of the aplitic veins wich dissect all the mass of the Gorcsony 
Group. 
Figs. 11 and 12 show some results of the paired hypothesis analysis carried out 
between the parameters of subclasses A and B of the Gorcsony amphibolites. The 
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TABLE 3 
Averages (x) and related standard deviation values (s) calculated from the chemical data of the Gorcsony Group amphibolites 
(subclasses A and B) based on cluster analysis 
G r o u p 
N o . of 
sam-
ples 
S i 0 2 TiOj A'1,0, F e 2 0 3 FeO M n O MgO CaO N a , 0 K 2 O P s o 5 L.O.T. 
Görcsöny 
G r o u p A 
class 5 0.56 0.66 0.40 0.56 1.02 0.06 0.53 0.98 0.21 0.33 0.62 0.26 
Görcsöny 
G r o u p B 
class 8 1.54 0.17 0.81 0.29 1.12 0.05 0.59 0.92 0.53 0.75 0.35 0.38 
Görcsöny 
G r o u p A 
class 5 47.75 2.24 14.49 0.79 11.43 0.15 5.65 10.34 2.30 1.59 0.93 2.59 
Görcsöny 
G r o u p B 
class 8 47.79 2.98 14.26 1.13 10.62 0.18 7.18 ' 10.33 2.47 1.64 0.87 2.27 
S 0 2 Ti02 AI2O3 F e f t FeO MnO MgO CaO NajO K20 P A L.O.I. 
F - t e s t 
t - test • • • • • • • • m 
Fig. 10. Hypothesis analysis of the chemical components of the Gorcsony G r o u p amphibolites 
(subclasses A and B). 
Legend: The same as that of Fig. 7. 
Si02 Ti02 
A1A FeA FeO MnO MgO CaO' Na£ K20 PA LOI. 
Si02 \ • + • • •f-• • -h • • • • 
Ti02 \ • + • • • • • • 
A l f t \ • + + • + • + • • • • 
F e f t \ • • • + • + • + • 
FeO \ + • + • + • 
MnO \ 
MgO \ + • • + • + • + • 
CaO \ + + • 
Na20 \ 
+ • 4- + • 
K;;0 \ • • 
P A \ 
+ • 
L.O.I. K 
Fig. 11. Hypothesis analysis of the chemical components of the Gorcsony G r o u p amphiboli tes 
(subclasses A and B); F-test. 
Legend: • no significant difference pointed out in the development of bo th variables 
on the significancy level P = 0 . 0 5 in the subclass A. 
+ The same in the subclass B. 
component pairs of the subclasse A are : Ti02 — K 2 0, Fe203 — P2Os and K 2 0 — 
P205. Apart from the Ti02 — K 2 0 pair, the Fe203 — K 2 0 — P2Os triad also suggest 
the same origin. It is rather difficult to give an acceptable explanation for the behaviour 
of K 2 0 in the presented relations. Its close contact with some immobile components 
can be reflected on a special alkaline basalt origin of amphibolites belonging to the 
subclass A. Moreover, these amphibolite samples are collected from a definite litho-
stratigraphic unit of the Gorcsony Group. The connected component pairs of the 
subclass B are: Fe203 — P205 , FeO — CaO and N a , 0 — L.O.I. The last of them 
signs a weak Na metasomatism produced by greenschist grade of retrograde meta-
morphism. These rock-samples belong to another lithostratigraphic unit of the 
Gorcsony Group and mineralogically consist mainly of actinolite-hornblende mixture 
and subordinate chlorite and epidote. 
1 6 8 
Si02 Ti02 A I 2 Q Fe^Q FeO MnO MgO CaO № ¿ 0 K2O P A LO.I. 
Si02 \ 
Ti02 \ • • 
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№ ¿ 0 \ 
+ 
K20 \ • + 
P2O5 \ 
L.O.I. \ 
Fig. 12. Hypothesis analysis of the chemical components of the Gorcsony Group amphibolites 
(subclasses A and B); T-test. 
Legend: • no significant difference pointed out in the medium tendencies of the processes 
produced both variables on the significancy level P = 0 . 0 5 in the subclass A. 
+ The same in the subclass B. 
Finally, Figs. 13 and 14 show a comatative hypothesis analysis of subclasses 
A and B of the Gorcsony amphibolites together with the Ofalu ones according to 
every component of their bulk composition. A difference between both subclasses 
A of the Gorcsony as well as Ofalu amphibolites is recognized in their P205 evolution . 
Differences between B classes are manifested by Ti02, MnO and CaO components. 
Si02 TÍ02 A l A F e f t FeO MnO MgO CaO NazO K20 P A L.0.1. 
F- tes t • O 0 • • • • • • • • 
t - t e s t • • • • • • 
Fig. 13. Hypothesis analysis of the chemical components of the Gorcsony Group amphibolites 
subclass A as well as the Ofalu amphibolites. 
Legend: The same as that of Fig. 7. 
Si07 TiO, A1203 FeA FeO MnO MgO CaO NQJO K20 P A Lot. 
F - t e s t • • • • • • • • • 
t - t e s t • • • • • • • 
Fig. 14. Hypothesis analysis of the chemical components of the Gorcsony Group amphibolites 
subclass B as well as Ofalu Group amphibolites. 
Legend: The same as that of Fig. 7. 
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These results also comfirm the genetical diversities existing between Görcsöny and 
Ófalu amphibolites which formerly were already pointed out by discrimination dia-
grams [SZEDERKÉNYI, 1 9 8 2 ] and now by cluster analysis, respectively. 
C O N C L U S I O N S 
The most important result of this attempt is the demonstration of fitness of 
hypothesis analysis together with cluster one for the distinction of amphibolites 
based on their, bulk composition. Comparing the results of this operation to that of 
discriminant diagrams of the same rock-samples [SZEDERKÉNYI, 1982] the statistical 
methods applied can give more remarkable pictures about similarities or differences 
existing among the rock-samples and can offer a more exact and well computerizable 
method for the distinction. Explanation of the differences obtained by such a statistical 
analyses still requires further considerations and conciliations with the experiences 
of "classical" petrochemical as well as petrotectonic interpretations. It is important 
to take into consideration that these statistical methods are founded on an enlarge-
ment of the differences existing between the same chemical components of the samples 
examined. Therefore these methods strictly require correct chemical data. 
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C O N T R I B U T I O N S T O T H E P E T R O C H E M I S T R Y 
A N D G E O C H E M I S T R Y O F S O M E Q U A T E R N A R Y B A S A L T I C 
R O C K S , N O R T H E R N A N D S O U T H E R N Y E M E N 
MAHMOUD LOTFY KABESH, ABDEL-KARIM AHMED SALEM 
a n d MOHAMED H . A . HIGAZY 
Petrochemical a n d geochemical characteristics of some basalt ic rocks f r o m Sirwah-Marib 
and D h a m a r - R a d ' a volcanic fields (Nor thern Yemen) as well as Shuqra volcanic field (Southern 
Yemen) , all of Qua te rna ry age are presented. T h e relation of m a j o r elements together with other 
petrochemical indices and normat ive minerals have been discussed and the chemical characterization 
of the examined basalt ic rocks is elucidated. T h e distribution and behaviour of selected trace ele-
ments in the examined rocks are also studied. 
The present study deals with the petrochemistry and geochemistry of some 
basaltic rocks from Sirwah-Marib and Dhamar-Rad'a volcanic fields (Northern 
Yemen) of Quaternary age. These form two of three major recent volcanic fields 
in the Yemen Arab Republic (Northern Yemen), previously grouped by GEUKENS 
[1966] into: 
1. Sana'a-Amran (Hamdan). 
2. Sirwah-Marib. 
3. Dhamar-Rad'a. 
Comparison, on a chemical basis with Shuqra volcanic field (Southern Yemen, 
Yemen People's Republic) of Quaternary age has also been attempted (Fig. 1). Also, 
Fig. 1. Locat ion m a p of Quaternary volcanics: H a m d a n Sirwah-Marib and D h a m a r R a d ' a in 
Yemen A r a b Republic and Shuqra in Yemen People 's Republic 
A B S T R A C T 
I N T R O D U C T I O N 
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the only Egyptian olivine tholeiitic basalt from St. John's Island of Quaternary age 
has been compared with the Quaternary basaltic rocks of Yemen [EL-SHAZLY et al., 
1974, ABDEL-MONEM and HEIKAL, 1981]. However, few workers previously contrib-
uted to the chemistry of these volcanics, among whom may be mentioned 
SHUKRI and BASTA [1955], GEUKENS [1966], KABESH and GHOWEBA [1976], Cox et al., 
[1977], KABESH and HEGAB [1978], and KABESH et al., [1980, 1981]. KABESH et al., 
[1980] discussed some major and trace element relations of basaltic rocks which form 
part of the volcanics of Dhamar Rad'a. On the other hand, KABESH et al., [1981] 
discussed some chemical features and the classification of Sirwah Marib basaltic 
rocks. However, no geochemical work is included in that study. Cox et al., [1977] 
advanced the general geology structure and petrography of part of Shuqra volcanic 
field. These authors (op. cit.) also mentioned data of major elements, normative 
values as well as some trace element abundances for 4 basaltic rock samples in South-
ern Yemen. 
P E T R O C H E M I S T R Y 
Major element data mentioned in the present study are essentially derived from 
previous studies of Dhamar-Rad'a volcanics (3 samples Table 1), [KABESH et al., 
1981], Sirwah-Marib basaltic rocks ( 1 2 samples Table 1 ) , [KABESH et al., 1981] while 
major element data of Shuqra volcanics, (4 samples, Table 1) are quoted from Cox 
et al., [1977] and 2 samples of St. John's Island (Egypt) after EL-SHAZLY et al., 
[1974]. These-data were recalculated and processed in the present work following 
several chemical parameters. 
M A J O R E L E M E N T C H E M I S T R Y 
The chemistry of major elements is discussed through different variation dia-
grams. 
Fig. 2 shows the relation between Si02 and FeO*/MgO, all in weight percent. 
It is evident that all the examined basaltic rocks from Northern, Southern Yemen 
and St. John's Island (Egypt) plot within the field of tholeiite according to the clas-
sification of MIYASHIRO [ 1 9 7 4 ] . 
Fig. 3 shows the relation FeO* = FeO + 0.899 X Fe 20 3 /Mg0 and FeO, all sam-
ples of Sirwah Marib and Dhamar Rad'a fall within field (3), tholeiitic basalt, while 
those of Shuqra and St. John's plot within field (2) mildly calc-alkalic rocks with the 
exception one sample from Shuqra which plots in the field calc-alkalic rocks. On 
the other hand, Fig. 4 shows the relation between FeO/MgO and Ti02 . It is evident 
from this figure that all the examined basaltic rocks from Northern and Southern 
Yemen plot within the field of tholeiitic basalt according to the classification of 
MIYASHIRO [1974] with the exception of one sample from St. John's Island falling 
in the field 1, calc-alkaline rocks. 
MIYASHIRO (op. cit.) suggested that tholeiitic basaltic rocks are characterized by 
slower rate of increase of Si02 content and higher enrichement of FeO* (total iron 
as FeO) and titanium with advancing fractional crystallization than the calc-alka-
line basalt. The advance in fractional crsytallization is measured by increase in 
FeO/MgO. 
On the basis of K 2 0 and N a 2 0 contents in the igneous rocks MIDDLEMOST 
[1975] classified the alkali rocks into four main types comprising Na-series, K-series, 
high K-series and phonolitic basalts. Fig. 5 shows that the basaltic rocks of Sirwah— 
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T A B L E 6 (continued) 
Chemical analyses of the investigated basaltic rocks Sirwah-Marib (Northern Yemen) 
1 2 3 4 5 6 7 8 9 10 11 12 
S iO, 46.90 47.30 50.50 43.10 50.90 44.40 44.40 43.50 46.20 46.10 45.60 45.50 
A I . O , 
Fe s O a 
F e O 
15.90 15.80 13.90 16.50 14.10 16.40 16.40 16.50 16.13 16.12 16.20 16.20 
2.39 2.31 2.76 3.46 2.60 3.40 3.38 3.42 3.30 3.30 3.34 3.35 
8.67 8.61 9.20 8.60 9.07 8.30 8.13 8.57 7.89 7.90 7.94 7.96 
M g O 
C a O 
5.60 5.59 6.31 6.27 6.22 6.10 6.10 6.21 5.80 5.80 5.90 5.90 
9.42 9.28 10.40 10.60 10.30 10.60 10.50 10.60 10.20 10.20 10.40 10.40 
N a , 0 2.55 2.56 2.22 3.25 2.21 3.20 3.22 3.25 3.14 3.15 3.19 3.20 
K . O 
M n O 
3.87 3.87 1.1! 2.86 1.13 2.53 2.52 2.79 2.17 2.18 2.22 2.23 
0.18 0.18 0.17 0.34 0.17 0.30 0.30 0.35 0.29 0.30 0.30 0.30 
T i O . 3.21 3.17 2.09 3.35 2.08 3.27 3.26 3.34 3.30 3.30 3.31 3.32 
0.31 0.29 0.23 0.57 0.23 0.49 0.50 0.58 0.58 0.59 0.57 0.58 X C H,O 0 82 0.87 0.79 0.89 0.79 0.93 0.94 0.85 0.94 0.94 0.93 0.96 
Total 
F e O / M g O 
TiO^P.O, 
K , 0 + N a . O 
K,QX100 
K , 0 + N a , 0 
99.82 99.83 99.68 99.79 99.79 99.92 99.83 99.96 99.94 99.88 99.90 99.90 
1.93 1.91 1.85 1-87 1.88 
10.35 10.93 9.09 6.23 9.04 
6.42 6.43 3.33 6.11 3.34 
1.85 1.84 1.87 1.86 1.88 1.85 1.86 
6.67 6.52 5.76 5.69 5.59 5.81 5.72 
5.73 5.74 6.04 5.31 5.33 5.41 5.43 
60.28 60.19 33-33 46.81 33.83 44.15 43.90 46.19 40.87 40.90 41.04 41.11 
K , 0 + N 8 , 0 X 1 0 0 4 0 5 3 4 0 9 3 24 25 36.56 24.49 35.09 35.34 36.30 34,24 34.32 34.22 34.30 
K tO+Na jO + CaO 
TABLE 1 (cont inued) 
D h a m a r - R a d ' a (Nor the rn Yemen) 
13 14 15 
Shuqra (Southern Yemen) St. John ' s Island 
16 17 18 19 20 21 
SiO. 
A'.o, 
F e , 0 j 
FeO 
M n O 
TiO. 
MgO 
C a O 
N a t O 















































































































F c O * / M g O 
K , 0 + N a t 0 
K,Qxl00 
K , 0 + N a , 0 
jC,0-l N a . O x l O O 
N a . O + K . O + C a O 




























14.20 10.67 10.16 22.46 26.54 25.11 25.31 7.62 9.75 
26.02 23.93 20.16 36.00 36.67 28.33 26.97 24.82 18.34 
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CA = C Q I C olkalic 
TH= Tholeiite 




Fi*. 2. Variation of SiO, vs FeO*/MgO afler MIVASHIRO [1974]. 
• Sirwah-Marib 
O Dhamar Rad 'a 
+ Shuqra 
A Si. John's Island 




1 - C o i c - a t k a i i c rocks 
2 - Mildly c a l c - a l k a l l c r o c k s 
3 - T h o l e n t l c b a s a l t 
2 3 
FeO/MgO 
Fig. 3. Variation of FeO % i s F e O * / M g O af te r M I V A S H I R O [1974]. Symbols as in Fig. 2. 
FeO* = FeO + 0.899 Fe .O , 
© superimposed two or three points. 
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1 " 2 
o 1 1 1 r - 1 
0 1 2 3 4 5 6 
F e O * / M g O 
Fig. 4. Variat ion of T iO , vs F e O * / M g O a f i e r MIYASHIRO [1974]. Symbols as in Fig. 2. 
1. Calc-alkal ic rocks 
2. Mildly calc-alkalic rocks 
3. Tholei i t ic basalt 
O super imposed two points 
Fig. 5. K , 0 — N a , 0 d iagram [MIDDLEMOST, 1975]. Symbols as in Fig. 2. 
Marib plot within the K-series while those of Dhamar-Rad'a, Shuqra and St. John's 
island fall within the Na-series. 
An evidence of possible alkali metasomatism is shown by plotting total alkalies 
( N a 2 0 + K 2 0 ) against alkali index ( K 2 0 / N a a 0 + K 8 0 ) x l 0 0 in Fig. 6) advanced by 
H U G H E S [1973]. In the diagram three main field are present comprising mafic and 
felsic volcanics in addition to an igneous field which is characterized by typical values 
of alkalies. 
The diagram shows that the basaltic rocks of Dhamar-Rad'a, Shuqra as well as 
those of St. John's Island fall within the field of mafic volcanics. The mafic volcanics 
possess low values of alkalies (2.46—5.54) and alkali index (7.62—26.54). On the 
o 
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Mafic volcanic rocks 
Petsic volcanic rocks 
Average volcanic rocks 
O 
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Na^D + K^O 
) x 1 0 0 





Ordûnch'tt es SOPieyites 
Labradorites O o r i i t f s 
Basalt«-B •* 
•i Basolts-A 
* a , 0 -
Me lobaiall» 
35 55 Si H. 75 
Phonolltes Rhyoiites 





Ankararoit«» ( b) 
5.5 St */. 76 
Fig. 7. a) Si—R diagram of the magmatic series: A saturated and B unsaturated af ter JUNO and 
BROUSSE [ 1 9 6 6 ] . 
b) Si—R diagram of the magmatic series: A saturated and B unsaturated a f t e r VATIN— 
PFRIONON [ 1 9 6 8 ] . S y m b o l s a n i n Fig. 2. 
other hand, the basaltic rocks of Sirwah-Marib show a wide range both in the total 
alkalies (3.33—6.43) and the alkali index (33.33—60.28). Consequently these basalts 
fall partly within the mafic volcanics, partly within the fclsic volcanics and partly 
within the average igneous rocks. However, the two samples falling within the felsic 
1 7 6 
volcanics show the highest alkali index (Nos. 1 and 2, Table 1). Fig. 7a shows the 
relation between (KaO + NaaO/K20+NaaO-fCaO)xlOO and SiO. which distin-
guishes several types of igneous rock associations according to JUNG and BROUSSE 
[1962]. It is clear from the diagram that the basaltic rocks of Northern, Southern 
Yemen and St. John's Island plot between series (A) of basalts and metabasalts with 
only two samples from Sirwah-Marib (Nos. 1 and 2, Table 1) falling near series (B) 
of basalts. 
Fig, 7b shows the separation of the magmatic series into saturated (A) and 
unsaturated (B) by plotting (K + Na /K+Na + Ca)XlOO against Si (all in weight per-
cent), (VATIN-PERIGNON, 1968). It is evident from the diagram that the basaltic rocks 
of Northern, Southern Yemen and St. John's Island (Egypt) fall within series (A) 
with the exception of two samples from Sirwah-Marib (Nos. 1 and 2, Table 1) which 
plot near series (B). 
Alkali-silica diagram: 
This diagram Fig. 8 has been established to distinguish alkalic and tholeiitic 
rocks as shown by MACDONALD [ 1 9 6 8 ] dividing line with IRVINE and BARAGAR'S 
curve [ 1971 ] . In this method Na 20 + K 2 0 are plotted against Si02 (all in weight 
percent). According to the diagram the basaltic rocks of Dhamar-Rad'a and St. John's 
Island fall within the sub-alkaline field because of the absence of normative nepheline, 
those of Shuqra fall close to the alkaline field with the exception of two samples 
(Nos. 3 and 4, Table 2) devoid of normative nepheline and falling within the subalkali-
ne field. 
Fig. 8. Alkalies-silica d iagram. Dashed line is M a c D o n a l d ' s [1968] dividing line fo r Hawai ian tho-
leiitic and alkaline rocks. The solid curve is the line proposed by IRVINE and BARAC.AR [1971] 
t o d iv ide the alkaline and sub-alkal ine composi t ions . Symbols as in Fig. 2. 
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Fig. 9 p lot for the examined basalts using P.,0.,, T i 0 2 and KaO (all in weight 
percent) discrimination diagram of PEARCE and C A N N , [ 1 9 7 3 ] . The diagram shows 
that the basaltic rocks of Northern, Southern Yemen and St. John's Island (Egypt) 
plot within the field of non-oceanic basalts with the exception two samples from 
Dhamar-Rad'a falling in the field of oceanic basalts. 
Fig. 9. T i O , — P s O „ — K , 0 tr iangular d iagram showing the plots for the basalts a f t e r PEARCE a n d 
CANN [1973). Symbols as in Fig. 2. 
Field A is that of oceanic basalts. 
Field B is the non-oceanic field. 
N O R M A T I V E M I N E R A L S 
The normative minerals of the examined basaltic rocks are given in Table 2 
In Fig. JO the normative colour index (Table 2) is plotted vs the normative plagio-
clase. The figure indicates that all the examined rocks fall in the field of basalt [IRVINE 
I . i i . 
T A B L E 2 
C. I. P. W-Norm values for the investiga led basaltic rocks 
1 2 3 4 5 6 7 8 9 10 t l 12 
Q 2.35 3.01 _ _ 
O r 23.32 23.27 6.87 17.23 6.87 15.20 15.28 16.65 13.05 13.06 13.32 13.33 
A b 10.00 11.42 20.62 2.44 20.32 8.83 9.13 4.41 19.37 18.99 16.44 16.24 
An 20.92 20.57 25.34 22.32 26.04 23.32 23.20 22.57 23.98 23.85 23.81 23.81 
Di 19.75 19.49 20.96 21.84 20.15 21.44 21.13 21.59 19.11 19.23 19.88 19.89 
F s — — 9.98 — 9.88 — — — — — . . 
En — — 7.46 — 7.62 — — — — — — . 
Ol 10.22 10.36 — 10.24 — 9.64 9 .82 10.06 9.56 9.53 9.47 9.39 
N e 8.01 7.28 — 16.33 — 12.17 12.18 15.13 5.58 5.98 7.65 7.78 
Mt 2.55 2.47 3.01 3.64 2.83 3.65 3.57 3.64 3.49 3.49 3.57 3.57 
A p 0 .66 0.61 0.46 1.21 0 .46 1.06 1.06 1 .20 1.21 1.21 1.21 1.21 
1! 4.56 4.54 2.98 4.75 2.98 4.64 5.64 4.74 4.65 4.66 4.65 4 .76 
N . C . 1. 37.08 36.86 44.39 40.47 43.46 39.37 40.16 40.03 36.81 36.91 37.57 37.61 
A n . C o n . 67.66 64.30 55.13 90.14 56.17 72.53 71.76 85.99 55.32 55.67 59.15 59.45 
1 7 8 
TABLE 6 (continued) 
D h a m a r - R a d ' a ( N o r t h e r n Y e m e n ) S h u q r a (Sou the rn Yemen i St. J o h n ' s i s land 
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13,75 13,77 21,98 18,33 

































and BARAGAR, I97J] and later defined by R A S C H K A and M U L L E R [1974] for Hawaiian 
tholeiite. 
A prominent chemical difference between more basic members of typical calc-
alkaline and tlioleiitic basalt is their alumina content. This difference is well illustrated 
by plotting Al sO, vs normative plagioclase composition (Fig. 11) where a convenient 
1 0 0 














1 0 0 8 0 6 0 AO 2 0 0 
Normative onorthite composition 
Fig. 10. Norma t ive co lour index against normat ive An content a f t e r IRVINE and BARAGAR [1971]. 
Symbols as in Fig. 2. 








Trace elements concentration (ppm) of Northern and Southern Yemen basaltic rocks TABLE 3 
N o r t h e r n Y e m e n 
Sirwah-Marib 
204 406 535 
450 598 603 
5 32 44 
77 49 31 
243 92 69 
235 300 257 

















































D h a m a r - R a d ' a 
13 14 15 
Sou the rn Yemen 
Shuqra 
16 1 7 18 19 
Average 





















80 n. d .* n. d .* n. d .* n. d * 244 
430 649 665 597 596 450 
23 67 37 28 26 39 
40 n. d.* n. d .* n. d .* n. d .* 39 
50 99 99 159 256 85 
125 230 218 171 160 108 
n. d* 26 27 25 25 32 
* N o t de te rmined . 
Fig. 11. A l j O j wt per cent tu normat ive plagioclase compos i t ion fo r the basal ts examined a f t e r 
IRVINE and BARAGAR. [1971]. Symbols as in Fig. 2. 
dividing line is drawn from very calcic-plagioclase down to about An36. According to 
the diagram the majority of the examined basaltic rocks are classified as tholeiitic 
types, with the exception of two samples from Shuqra(Nos. 16 and 17, Table 1) falling 
in the calc-alkaline field. According to CHAYES [ 1 9 6 6 ] and WILKINSON [ 1 9 6 8 ] , these 
two samples of high-alumina basalt ( 1 6 . 8 0 and 1 7 . 5 7 ) are treated as principally of 
caic-alkaline series. WILKINSON (op. cit.) used the term "sub-alkaline" as a more general 
name for both tholeiitic basalt and calc-alkaline series (as opposed to alkaline basalt). 
Accordingly all the examined basaltic rocks are sub-alkaline. 
D I S T R I B U T I O N O h T R A C E E L E M E N T S 
The present investigation is intended to provide information on the abundance 
of seven trace elements (Ba, Sr, Rb, Co, Ni, Zr, and Y) in the examined basaltic 
rocks of Yemen. The results of quantitative analysis of 12 samples from Sirwah-
Marib, 3 samples from Dhamar-Rad'a [KABESH et a!., 1 9 8 0 ] as well as 4 samples 
from Shuqra [Cox et al„ 1977] are presented in Table 3. The average trace element 
contents of the examined basaltic rocks and those of PRINZ [ 1 9 6 7 ] are also given in 
Table 3. 
Ba. Sr, and Rb 
The distribution of Ba and Sr in the examined basaltic rocks indicates that Sr 
is more abundant than Ba. This is in agreement with the general trend of variation 
of Ba and Sr in calc-alkaline associations. The Ba content in Sirwah-Marib ranges 
from 204 ppin to 1400 ppm with an average 480 ppm which is higher than the average 
of PRINZ [ 1 9 6 7 ] for basalt ( 2 4 4 ppm). In Dhamar-Rad'a the Ba content ranges from 
1 8 1 
80 ppm to 160 ppm with an average 127 ppm which is much lower than the average 
given by P R I N Z [ 1 9 6 7 ] for basalt ( 2 4 4 ppm). The average values of Sr in Sirwah-Marib 
612 ppm, in Shuqra 627 ppm, both are much higher than the average mentioned by 
P R I N Z [ 1 9 6 7 ] ( 4 5 0 ppm), while the average value of Sr in Dhamar-Rad'a 4 2 7 ppm is 
in agreement with the average of P R I N Z [ 1 9 6 7 ] . 
The average of Rb content in Sirwah-Marib basalts 19 ppm is lower than the 
average given by P R I N Z [1967] for basalts (39 ppm), in Shuqra the average of Rb 40 
ppm is in agreement with the average mentioned by P R I N Z [1967] while the average 
of Rb in Dhamar-Rad'a basalts 29 ppm is lower than the average of P R I N Z [1967]. 
The average of Co content in Sirwah-Marib basalts is 40 ppm, in Dhamar-Rad'a 
43 ppm both are in close agreement with the average of Co mentioned by P R I N Z 
[1967] 39 (ppm.) The average Ni content for Sirwah-Marib 116 ppm, for Shuqra 
153 ppm both are much higher than the average of Ni mentioned by P R I N Z [1967] 
(85 ppm), while the average in Dhamar-Rad'a 58 ppm is much lower than the average 
of P R I N Z , [1967]. 
The average content of Zr in Sirwah-Marib 230 ppm, in Shuqra 195 ppm both 
are much higher than the average of P R I N Z [1967] (1908 ppm), while the average 
in Dhamar-Rad'a 100 ppm is very close to the average of P R I N Z [1967]. 
The average content of Y in Sirwah-Marib (25 ppm), in Shuqra (26 ppm), both 
are close to the average mentioned by P R I N Z [1967] (32 ppm). 
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0.25-
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Rb(ppm) 
Fig. 12. K% vs R b (ppm) a f te r TAYLOR [1965]. Symbols as in Fig. 2. 
1 8 2 
Trace element chemistry 
The behaviour of trace elements in the examined basaltic rocks is discussed by 
using several variation diagrams. 
Fig. 12 shows the relation between K% and Rb content of the examined basaltic 
rocks [TAYLOR, 1965] . K /Rb ratios of the basaltic rocks of Dhamar-Rad'a are rela-
tively low ranging between 1 0 0 — 3 0 0 due to their low K content. On the other hand, 
the basaltic rocks of Sirwah-Marib and Shuqra show K/Rb ratios greater than 500 
which is attributed to their high K content. 
KISTLER et a!., [1971] advanced a classification of different volcanic rocks 
according ot their contents of Rb and Sr (Fig. 13). It is evident from the figure that 
all the examined basaltic rocks plot in the field of basalt. 
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0001 001 010 
Zr/Ti02 
1.00 
Fig. 14. S iO ,% ps Z r / T i O , d i ag ram a f i e r WINCHESTER and FLOYD [1977]. Symbol s a s in Fig. 2. 
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Ti/100 
Fig. 15. T i /100—Zr- Y x 3 tr iangular d iagram showing plots of basall samples investigated a f t e r 
PKARCE a n d CANN [ 1973 ] . 
A : L K T 
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Fig. 16. Ni (ppm) content vs F e O * / M g O d iag ram a f t e r MIYASHIRO and SHIIXJ [1975]. Symbols as 
in Fig. 2. 
Fig. 14 shows the relationship between Zr/Ti02 ratio and Si02 content [WIN-
CHESTER and FLOYD, 1977]. From the diagram, it is clear that all the examined basaltic 
rocks fall within the field of sub-alkaline basalt. Thus Zr/TiO* ratio can be used as an 
index of alkalinity of rocks (op. cit.), 
Fig. 15 plot for the examined basalts using the Ti—Zr—Y discrimination dia-
gram. It is clear from the diagram that the examined rocks fall within field D (within 
plate basalts). This diagram has been proposed by PEARCE and CANN [ 1 9 7 3 ] as petro-
genetic indicator for basaltic rocks. 
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Fig. ¡6 shows the relation between Ni ppm and FeO/MgO ratio of basaltic 
rocks. It is evident from the figure that all the examined basaltic rocks fall within 
the field of volcanic island arc and active continental margins. However, two samples 
from Sirwah-Marib plot very close to this field. This diagram has been proposed by 
MIYASHIRO and SHIDO [1975]. 
C O N C L U S I O N 
The basaltic rocks of Sirwah-Marib, Dhamar-Rad'a in Northern Yemen, 
Shuqra in Southern Yemen and of St. John's Island in Egypt, are petrochemically 
and geochemically evaluated. In terms of major oxides the examined basalts appear 
to have sub-alkaline characters with few alkaline affinities. According to the different 
systems of chemical classification, the examined basaltic rocks are classified as 
basalts with slight andesitic tendency particularly in Shuqra field, (Southern Yemen). 
Based on KoO content the examined basaltic rocks of Dhamar-Rad'a and Shuqra 
are particularly low in K..O. In this respect they may be compared with the Red Sea 
axial trough basalt as well as with oceanic basalt, [GASS, 1 9 7 7 and CHASE, 1 9 7 7 ] . 
They may be compared also with some alkaline tholeiite basalt from St. John's 
Island [EL-SHAZLY et a!., 1 9 7 4 and COLEMAN et al„ 1 9 7 7 ] . 
The examined basaltic rocks show a rather complete compositional range from 
nepheline to quartz normative. Accordingly, the basaltic rocks of Sirwah-Marib 
and Shuqra belong to the alkaline olivine basaltic series, while basalts of Dhamar-
Rad'a possess close affinities to tholeiitic basalts. Abundances of Ba, Sr, Rb, Co, Ni 
Zr and Y an trace elements in the investigated basalts in Yemen have also been 
discussed. 
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ABSTRACT 
The petrography of the Precambrian iron-bearing formation at Wadi Kareim proved that the 
formation consists of the following regionally metamorphosed rock types of the greenschist fades; 
1. Graywackes (mainly volcanic grading to volcanic breccias, normal greywackes are less common). 
2. Schists (chlorite, chlorite-calciie, and actinolite-epidote) 
3. Volcanics (keratophyres, quartz-keratophyres, spiliies. spilitic diabase and diabase). 
4. Pyroclastics (lithoclastic and crystal tuffs, lapilli tulTs — mainly spilitic in composition). 
The petrographic study iscorporatcd with the results of eight new chemical analyses, represent-
ing the different rock types. The analysis of the basic metavolcanic is similar to the average world 
spilite, and that of the acid metavolcanic is comparable to the aphanitic keratophyre (Schirmeck-
type) of the preorogenic Hercynian volcanics of Western Europe. 
The recently suggested Al/3—K versus Al/3 -Na and Si/3—(Na + K. 2Ca/3) versus K <Na + 
+ Ca) diagrams, the FMA and Na—K.—Ca diagrams are adopted for the petrochemical presentation 
of the chemical data. It is suggested that most rock types either have a composition comparable 
lo basalts or spilitic mineral assemblages. This mostly reflects the primary link of the spilitic rock 
with other volcanic and pyroclastic rocks, particularly keratophyres. The only exception, is the 
chlorite schist which has a composition similar to shales. 
INTRODUCTION 
The iron ore deposit of Wadi Kareim lies on the northern side of Wadi Kareim, 
some 38 km southwest of Quseir on the Red Sea coast (Fig. 1). 
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The geology, petrography and mineralogy of the Precambrian iron ores and 
their country rocks have been studied by many authors. Among whom may be 
m e n t i o n e d ; ABDEL NASSER a n d AHA [1949]; NAKHLA, [1954]: EL-SHAZLY, [1957]; 
GINDY, [1957]; SIGAEV, [1959]; FRIED KRUPP, [I959J; AKAAD, [1959]; ABDEL AZIZ, 
[1968]; NIAZY, [1969]; HILMY et al., [1972] ; a n d KAMEL et al., [1977]. 
The area of Wadi Kareim is covered by different basement rock units, which 
can be arranged chronologically as follows [HILMY et a!., 1972]; 
Top 5) Minor intrusions (mainly bostonitc dykes) 
4) Granodiorites 
3) Igia Formation 
2) Metavolcanics (keratophyres, quartz-keratophyres, spilites and diabases) 
Base 1) Metasediments (mainly greywackes, schists and tuffs). 
The iron-bearing formation in Wadi Kareim has been considered to consist of 
regionally metamorphosed: 1) géosynclinal sediments, 2) banded-siliceous iron ores, 
and 3) volcanic rocks [KAMEL et ai, 1977]. The Precambrian metasediments, meta-
volcanics and banded iron ores are paragenetically related to each other. The iron-
bearing formation represents a large monoclinal fold, which is intersected by a major 
thrust fault, along which a highly sheared structural unit is displaced over the for-
mat ion f r o m the east [SIGAEV, 1959; HILMY et al., 1972]. 
P E T R O G R A P H Y 
The iron-bearing formation in Wadi Kareim, comprises different metasedimen-
tary and metavolcanic rocks of the green schist facies. The géosynclinal metasedi-
ments and the associated volcanics are represented by the following rock types 
(Fig. 2); 1) graywackes, 2) schists, 3) metavolcanics, and 4) pyroclastics. 
The formation represents the oldest rock unit in the studied area [NIAZY, 1969; 
KAMEL et al., 1977]. Generally, the metamorphosed volcanogenic-sedimentary rocks 
of the formation have a pale brown colour, grading into pale green and greyish green 
colours. In some parts, the rocks are tough, however, they are commonly shattered 
and even friable. Most of the rock types are intersected by calcite veinlets. 
The presence of pebbles and cobbles of different volcanic rocks in the meta-
sediments was earlier recorded by SHUKRI et al., [1959], EL-RAMLY and AKAAD [1960], 
and others in the different Precambrian iron ore occurrences of the central Eastern 
Desert. 
The following paragraphs summarize the detailed petrography of the sedimentary -
volcanogenic formation enclosing the Precambrian iron ores in Wadi Kareim. 
Greywackes. Greywackes represent one of the abundant rock types in the area. 
Volcanic greywacke is more abundant and commonly grades to volcanic breccia, 
while normal greywacke is infrequent. The essential features of greywackes in the 
Eastern Desert were previously reported by ANDREW [1939], as they contain abundant 
detrital plagioclase grains, recognizable volcanic material, and angular clastic grains. 
The volcanic greywacke is green or dark grey in colour, hard and coarse-grained. 
The rock consists of subrounded to angular, relatively fresh and polymictic mineral 
grains and rock fragments, with a common diameter ranging from 0.5 to 3 mm. 
They comprise different volcanic rock fragments (Figs. 3 and 4), such as trachyte, 
andesite, spilite, diabase, and glassy material. The rock also contains other mineral 
grains, mainly of quartz. The rock fragments and mineral grains display sub-parallel 
arrangement and are usually embedded in a clayey matrix, with chlorite and sericite, 
that may show flow-banding. 
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Fig. 2. Geologic succession of the iron-bearing formation as shown by the inclined wells K—6 and 
K—7, according to E. A. Niazy. 
1: volcanic 'greywacke; 2: tuff; 3: chlorite, calcite-chlorite and actinolite schists; 4: gra-
phite-calcite—actinolite schist; 5: garnet — actinolite schist; 6: meta-alkali-trachyte-
(keratophyre); 7: diabase; 8: banded iron ore; 9: massive iron ore; 10: brecciation zone. 
The normal greywacke has a greyish-green colour and is moderately compact. 
The rock consists of mineral grains and infrequent rock fragments. The essential 
clastic minerals are ill-sorted and consist of subangular quartz and fine orthoclase 
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Fig. 3. Photomicrograph of volcanic greywacke, composed of different subrounded rock fragments 
showing subparallel arrangement in a clayey-chloritic matrix. Plane light, 20 X . 
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Fig. 4. Photomicrograph of volcanic greywacke, composed of spilite and other volcanic fragments 
in a similar groundmass. Crossed nicols, 20 X. 
grains (Fig. 5). Flakes of muscovite are not uncommon. Grains of epidote, plagio-
clase, apatite, magnetite and tourmaline are rarely encountered. Coarse fragments 
of chert and greenstones are present, which diameter is about 0.5—1 mm. The mi-
neral grains and rock fragments are embedded in a pasty matrix of chlorite, sericite 
and clayey material. The flaky minerals usually exhibit parallel arrangement to the 
rock cleavage. 
Schists. Schists are represented by chlorite, chlorite-calcite and actinolite-epidote 
varieties which grade into each other imperceptibly. The schists are distinctly foliated 
with parallel allignment of flaky and prismatic minerals. Most of these schists belong 
to the same mineral assemblage. 
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Fig. 5. Photomicrograph of normal greywacke, showing ill-sorted subangular quartz and feldspar 
grains in a matrix of chlorite and clayey material. Plane light, 20 X. 
Fig. 6. Photomicrograph of chlorite schist, composed of chlorite (grey), quartz (colourless) and 
magnetite (black). Plane light, 20X. 
The chlorite schist is greyish-green in colour, and fine to medium-grained. The 
rock is essentially composed of chlorite, quartz and calcite (Fig. 6). Albite, magnetite, 
muscovite, epidote, actinolite and carbonaceous matter are less common. Chlorite 
is mainly represented by pennine, that forms fine twin aggregates of small andehral 
crystals. The mineral displays noticeable pleochroism (Z=green, y=green, and 
Ar=yellowish green), with n y = 1.575, n I = 1.572, and anomalous interference. 
Clinochlore is less common and forms thin tabular crystals. Occasionally, brown 
stilpnomelane occurs as fine to coarse plates in subparallel bands of sheaflike aggre-
gates (Fig. 7), indicating high percentages of K 2 0 in the rock. Quartz is subrounded, 
and occurs as fine aggregates between chlorite and calcite. The latter mineral forms 
fine-grained anhedral crystals, that may be aggregated in small patches and irregular 
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Fig. 7. Photomicrograph showing sheaflike aggregate of brown stilpnomelane in the chlorite schist. 
Plane light, 20 X . 
clots. Albite (Ab93 An5) is irregular, and displays albite twinning with X'A (010) = 
= — 16°. Magnetite is disseminated in the rock. Chlorite schist is most probably the 
result of regional metamorphism of some pelitic and psammopelitic sediments. 
They belong to rocks of greenschist facies [TURNER and VERHOOGEN, 1960: TURNER, 
1958]. 
The chlorite-calcite schists may be broadly referred to either original basic 
volcanic rocks or else calc-pelitic sediments. Schists derived from basic volcanics are 
dominant. They are essentially composed of chlorite, calcite, quartz and albite; 
Epidote, leucoxene, actinolite, magnetite and pyrite are uncommonly present. Rem-
nants of the primary mafic minerals are still preserved. Magnetite forms clustered 
aggregates or scattered crystals. In some parts, the rock is traversed by quartz, 
chalcedony and calcite veinlets. Vein quartz is commonly associated with coarse 
pyrite cubes, which may be surrounded by microcrystalline quartz at the tapering 
parts of the veinlets. Later deformation of pyrite is sometimes observed accompanied 
by its partial replacement of quartz. 
Chlorite-calcite schists derived from the calc-pelitic sediments are less abundant. 
They consist of carbonate laminae, bands, and lenses alternating with others of 
chlorite, quartz, magnetite and muscovite. The chlorite minerals are very similar to 
those of the chlorite schist. The carbonates are mainly calcite, dolomite associated 
with quartz, talc and tremolite. Coarse grains of detrital quartz are frequent at the 
boundaries of the carbonate and chlorite laminae. This quartz exhibits undulatory 
extinction and is optically biaxial. The rock is commonly traversed by calcite veinlets. 
The actinolite-epidote schist has a light green colour, and consists essentially of 
actinolite, epidote and chlorite. Calcite, quartz, and albite are subordinate in abun-
dance, while pyrite, magnetite, augite, apatite, sphene, muscovite and leucoxene 
are rarely observed. Actinolite forms fibrous aggregates of thin crystals. It is weakly 
pleochroic (X= light green, A'=greenish yellow, and Z=green) with cAZ' = 15°. 
The mineral is occasionally associated by anthophyllite. Pistacite is found accom-
panied by actinolite and chlorite. It is yellowish-green in colour and moderately 
pleochroic. The mineral usually forms small euhedral crystals and granular aggre-
gates that display parallel extinction, with ny = 1.737 and n a = 1.722. Pennine forms 
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patches of fine anhedral crystals commonly associated by calcite. Feathery quartz is 
sometimes observed around the pyrite and magnetite porphyroblasts. The quartz 
crystals may show twisting indicating post-or syncrystallization rotation. 
The described actinolite-epidote schists belong to the albite epidote hornfelses 
of the contact metamorphic facies [TURNER, 1958], They were, however, previously 
classified as actinolite-epidote hornfels subfacies [TURNER and VERHOOGEN, 1960]. 
It is reasonable to suggest that such schists were principally formed in sheared parts 
of the volcanic rocks and tuffs of the iron-bearing formation. 
At the close contacts with granodiorite, the described schists are facially changed 
to a highly foliated reddish brown rock with papery appearance, where biotite replaces 
chlorite in the chlorite-biotite schist. Such a rock consists of biotite, quartz, chlorite, 
muscovite, actinolite and calcite. It may also contain disseminations of garnet, 
magnetite and pyrite, and the rock grades to chlorite-biotite-garnet schist. In some 
peripheral parts, however, the metasediments consist mainly of coarse crystalline 
calcite bands. Here, graphite is sometimes observed, where the mineral forms laminae, 
patches and streaks, and is associated with chlorite, epidote, phlogopite, anthophyl-
lite, sodic plagioclase, and talc. 
Metavolcanics. Metavolcanics include keratophyre, quartz-keratophyre, spilites, 
spilitic diabase and diabase. The metavolcanic rocks commonly form sheeted dyke 
and sill-like bodies which are often concordant with the schists, greywackes and tuffs. 
In many parts, keratophyres are in direct contact with the "banded-siliceous" 
iron ores. 
It should be mentioned that along the upper reaches of the central wadi of the 
investigated area, a massive greyish-green, fine grained effusive rock grading to a 
coarser variety with abundant magnetite phenocrysts, which has a pillow-like struc-
ture (Fig. 8), is exposed intruding the greywackes, schists and tuffs. The rock is 
identified as possible keratophyre. The formation of such a rock is considered to be of 
probable submarine-effusive origin. Metamorphosed alkaline effusive rocks with 
spherulitic and trachytic textures are commonly encountered in many parts of Wadi 
Kareim, particularly, along adit No. 4 and borehole K — 6 [ N I A Z Y , 1 9 6 9 ] . 
Keratophyre is hard, porphryitic (Fig. 9) with splintery fracture. The rock 
Fig. 8. Photograph of the central wadi in Kareim area, showing pillow-like bodies of a metavolcanic 
field. 
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displays sub-parallel arrangement of the mineral constituents. The phenocrysts 
consist of albite, oligoclase, and augite. The albite laths display both albite 
and Carlsbad twinning, and are often radially disposed and highly altered. The miner-
al microlites commonly show fluxional flow and trachytic fabric. Coarse augite 
(cAZ'=38°) is almost completely altered, however, their outlines and cleava-
ge traces are occasionally preserved. The pyroxene mineral is usually altered 
to chlorite, actinolite and epidote. Potash feldspar commonly forms perthitic inter-
growths with quartz, while sanidine is rare. 
Fig. 9. Photomicrograph of porphyritic keratophyre. Phenocrysts are represented by quartz and 
sodic plagioclase in a trachytic groundmass. Plane light, 20 X . 
The quartz-keratophyre is marked by abundant quartz phenocrysts. Quartz is 
sometimes intergrown with sodic plagioclase in the groundmass. The rock is charac-
terized by the presence of variolitic spherulites (Fig. 10) composed of radially arrang-
ed albite laths associated with fine-grained quartz. The spherulites are embedded 
Fig. 10. Photomicrograph of keratophyre showing variolitic spherulites of radially arranged albite 
laths. Crossed nicols, 50 X. 
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in a cryptocrystalline groundmass of minute albite microlites, quartz, chlorite, 
zoisite and microcrystalline silica. Apatite, sphene and talc are rare, while opaque 
minerals (magnetite, pyrite, ilmenite and leucoxene) are uncommon. Amygdales of 
quartz, chalcedony or calcite are also encountered. 
In some parts, the keratophyres are associated with other effusive rocks, spilite 
[NIAZY, 1969], and spilitic diabase. The identification of spilite was earlier ascertained 
both by X-ray diffraction and chemical analysis [ABDEL AZIZ, 1968]. Spilite is hard, 
spotted and dark green. It consists of short thin albite laths ( ~ 7 0 by volume) in a 
chlorite matrix (Fig. 11). Relicts of unaltered augite are sometimes observed. The 
rock is marked by the radial arrangement of the albite laths and is characterized by 
the triangular disposal of the mineral in the mesostasis of altered pyroxene, chlorite, 
clinozoisite and epidote. Magnetite, ilmenite, actinolite, apatite and calcite are rarely 
present. Small pools of jasper and amygdales filled by chert, microcrystalline quartz 
or calcite are occasionally observed (Fig. 12). Occasionally, the rock merges to a 
rather coarse-grained variety, i. e. spilitic diabase. 
Fig. 11. Photomicrograph of spilite, composed of albite laths displaying intersertal texture in a 
chloritic groundmass. Crossed nicols, 20 X . 
The diabase is dark green, medium-grained and porphyritic. It is mainly com-
posed of zone labradorite (Ab44 An56), augite and titaniferous augite showing ophitic 
and sub-ophitic textures. Calcite and chlorite are present in fair amounts, in the 
groundmass. Apatite, quartz, ilmenite and magnetite are rarely encountered. Ge-
nerally, diabase is less affected by the regional metamorphism, and may show some 
contact effects with different rocks of the studied formation. 
Pyroclastics. The pyroclastic rocks are represented by tuffs and lapilli tuff. The 
tuffs are fine-grained rocks, with light green, grey or even brown colours, and show 
banded texture (Fig. 13). The tuff bands have regular, sharp and uniform contacts 
and their thickness varies between 0.5 and 2 mm. Sometimes, the bands are rather 
irregular and displaying gradation in grain size. In the studied area, both crystal and 
lithoclastic tuffs are encountered. 
Crystal tuff is composed of angular to subangular crystals and ill-sorted glass 
particles embedded in a glassy, clayey or chloritic groundmass. The crystals may be 
cracked, corroded, and consist of sodic plagioclase, sanidine, potash feldspars, 
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Fig. 12. Photomicrograph of spilitic diabase with small pools of jasper and chert. Crossed nicols, 
20X. 
Fig. 13. Photomicrograph of fine-grained tuff with angular quartz grains and displaying banded 
texture. Plane light, 20 X . 
quartz, magnetite and leucoxene, some of the tuff bands are carbonate-rich or com-
posed of pelitic material. Glassy material is normally altered to clay minerals, and 
the rock may be mistaken for "mudstone". 
Lithoclastic tuff is also fine-grained, with common rock fragments of spilite, 
spilitic diabase, keratophyre and siliceous material. Frequently, the rock grades to 
lithoclastic lapilli tuff, with coarser rock fragments and lapilli. The most common 
variety is spilitic lithic tuff, where the lapilli are subangular to subrounded and com-
posed mainly of spilitic rock fragments, about 0.2—1.5 cm in diameter, embedded 
in a groundmass of microcrystalline and cryptocrystalline spilite (Fig. 14). Trachytic 
lithic tuff is also encountered, but in lesser amounts. The lithoclastic lapilli tuffs 
normally display flow-banding of the matrix and merge to the volcanic greywacke 
and volcanic breccia. 
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Fig. 14. Photomicrograph of spilitic lithic tuff, with lapilli of spilite in a groundmass of microcrys-
talline spilite. Plane light, 2 0 X . 
PETROCHEMISTRY 
The results of chemical analysis of newly analyzed eight samples from the iron-
bearing formation of Wadi Kareim are given in Table 1. The average chemical analysis 
of spilite [VALLANCE, 1960], chemical analysis of aphanitic keratophyre [JUTEAU and 
Rocci, 1974] are also cited for comparison. 
T A B L E 1 
Chemical analysis data of W. Kareim iron-bearing formation 
Analysis 
No. 1 2 3 4 5 6 7 8 9 10 
SiO, 48,97 49,65 62,41 61,30 49,65 56,93 63,91 59,26 46,92 59,07 
Al ,0 3 16,86 16,00 14,11 18,20 16,78 10,73 13 94 12,70 13,63 17,10 
F e , 0 3 1,96 3,85 2,06 6,76 1,94 7,97 2,99 2,12 2,16 4,22 
FeO 9,07 6,08 5,29 3,34 5,87 9,47 8,37 4,22 3,95 2,86 
MnO 0,23 0,15 0,19 0,20 0,18 0,21 0,13 0,23 0,27 0,16 
MgO 3,41 5,10 2,75 2,46 6,81 4,80 2,31 1,98 3,30 3,73 
CaO 6,56 6,62 3,36 Tr. 6,72 3,05 1,83 7,63 12,97 2,44 
Na tO 3,54 4,29 3.13 5,12 2,93 0,23 0,47 2,83 2,86 5,80 
K.O 1,17 1,28 1,39 1,78 0,66 0,24 0,92 1,54 1,81 0,42 
TiOj 2,28 1,57 0,93 0,57 0,72 0,85 0,56 0,61 0,58 0,95 
P,o r> 0,32 0,26 0,07 — 0,05 0,21 0,71 0,13 0,09 0,09 
L. O. I 5,19 5,12 4,27 — 7,72 5,00 2,41 6,95 11,76 3,62 
99,56 99,97 99,96 99,73 100,03 99,69 100,55 100,20 100,30 100,46 
1. Spilite, W. Kareim. 
2 . Average spilite ( W A L L A N C E , 1 9 6 0 ] . 
3. Keratophyre of intermediate composition, W. Kareim. 
4 . Aphanitic keratophyre (Schirmeck type) [ J U T E A U and Rocci , 1 9 7 4 ] . 
5. Volcanic greywacke (spilitic lithic tuff), W. Kareim. 
6. Normal greywacke, W. Kareim. 
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7. Chlorite schist derived from shale, W. Kareim. 
8. Chlorite-calcite schist derived from calc-alk. dacite, W. Kareim. 
9. Calcite-chlorite schist derived from calc-alk. dacite, W. Kareim. 
10. Tuff, W. Kareim. 
The associated albite-oligoclase and chlorite in the spilitic rocks is accompanied 
by increased proportions of Na 2 0 . FÍALA [1967], suggested that 4% Na»0 can be 
accepted as a dividing line for similar occurrences in Bohemia. This dividing line is 
not sharp, and gradational types with 3.5—4% NazO and oligoclase as the main 
feldspar, sometimes with fresh augite are common. The value of the ratio C a 0 / N a 2 0 + 
K 2 0 < 2 is accepted, as a rule, in analogy. The K 2 0 content is generally very low in 
spi l i tes [TURNER a n d VERHOOGEN, 1960). 
Types enriched in K aO also exist, e. g. the weakly metamorphosed chlorite 
schists characterized by presence of stilpnomelane. These schists seem to be derived 
from some pelitic sediments. Ca-enriched varieties, e. g. calcite-chlorite schist do 
occur in some parts of the area, and a value of 12.97% CaO is also reached. In such 
varieties, the ratio C a 0 / N a 2 0 + K 2 0 is deviated from the mentioned rule. Similar 
Ca enriched varieties with a CaO up to 16.42% were earlier reported by VALLANCE 
[1965]. 
Al/3 — K versus Al/3 — Na diagrams 
The AI, Na, K diagram (Fig. 15) was first suggested by DE LA ROCHE [1966], 
and then adopted by DE LA ROCHE et al., [1974] for the chemical presentation of 
spilitic rocks. The diagram is constructed by calculating the numbers of milliatoms-
grams of each component in 100 grams. The diagram allows a clear distinction 
between the characteristic transition anorthite-albite during spilitization. It shows 
the disposal of the volcanic associations and their distribution fields against those 
of the sedimentary associations. Also, it is useful in the separation of sedimentary 
degradation versus the magmatic differentiation. 
From the diagram, it is clear that analysis No. 1 (spilite) is plotted within the 
field of spilitic volcanics, which is also reflected in the chemical analysis of the sample 
and is very similar to the average spilite composition given by VALLANCE [1960], 
analysis No. 2. Analysis No. 3 (keratophyre) is plotted in the field of intermediate 
volcanics. The chemical composition of the rock is quite comparable to the aphanitic 
keratophyre [JUTEAU and Rocci, 1974], analysis No. 4 (Schirmeck type). Analysis 
No. 5 (volcanic greywacke) has a plot very near to the field of spilitic volcanics and 
the domain of basalts. On the contrary, analysis No. 6 (normal greywacke) is plotted 
very near to the boundary line of greywackes and shales, within the sedimentary 
sector. Again, analysis No. 7 (chlorite schist) is plotted in the field of shales. Analyses 
No. 8 (chlorite-calcite schist), and No. 9 (calcite-chlorite schist), however, are plotted 
in the field of calc-alkaline Pacific tholeiitic volcanics and within the area specific 
for dacites. Lastly, analysis No. 10 (tuff) is plotted outside the fields of volcanic and 
sedimentary rocks, but rather near to the field of spilitic volcanics. 
The Al, Na, K diagram (Fig. 16) was also suggested by DE LA ROCHE et al., 
[1974]. The diagram shows the domain of basalts and the field of the spilitic mineral 
assemblage. It delineates a limited zone for basalts, within the sector of calcic plagio-
clase (labradorite-bytownite) and the point of origin of the axes near to the area of 
common pyroxenes and amphiboles. 
However, the minerals characteristic for the spilitic assemblage (albite, chlorite, 
calcite, K-feldspar, augite, quartz, iron oxides) occupy a vast area covering the 
domain of basalts. 
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Fig. 15. Al—Na—K variation diagram showing general disposal of volcanic and sedimentary rock 
association in Wadi Kareim. 
From the diagram, it is noticed that the analyzed samples of spilite, volcanic 
greywacke and chlorite-calcite schist have mineral composition comparable to basalts 
as their analyses are plotted in the domain of basalts. Also, the samples of keratophyre 
as their analyses are plotted in the domain of basalts. Also, the samples of kera-
tophyre, calcite-chlorite schist, tuff and normal greywacke have mineral composition 
of spilitic mineral assemblage. The only exception is the analysis of chlorite schist as 
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Fig. 16. A1—Na—K variation diagram showing domain of basalts and field of spilitic rock asso-
ciation. 
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its plot is located outside the area of spilitic assemblage. The disposal of plots of the 
different volcanics on the Al. Na, K, diagrams points to the primary link of the spi-
litic rocks with the other volcanic and pyroclastic rocks, particularly keratophyres. 
Si/3 — (Na+K+2Ca/3) versus K— (Na+Ca) diagram 
The Si, K, Na, Ca diagram (Fig. 17) was also adopted by DE LA ROCHE et al. 
[op. cit., 1974] for differentiation of the lithological types of the preorogenic Her-
cynian volcanics in Northern Europe. Distinction has been made into two evolution 
trends (Schirmeck-type and Lahn-Dill type) in relation with the paleogeography. 
A magmatism of folds (Schirmeck-type) to a magmatism of "grabens" (Lahn-Dill 
type) has been outlined by JUTEAU and Rocci [1974] in their petrographic and chem-




Si/1 - ( U T « f l C j I J | 
/ -Isiliciffcati^n 
' / / ' ! _ 
/ / '' ^ - ¡ 1 0 0 
' » / I ^ V" ULTFJ D̂ SIC 





/ MV^ — 
' ^ ¿ C ^ -
• •t ,. c. ; . , . 
-IgO- -200 
* s - / 
'•Idapachisation 
ftod-. petassic 
* - ( Ha » Ca| 
ale it. ' ' J -
Fig. 17. Si—K—Na—Ca variation diagram showing evolution trend of volcanogenic-sedimentary 
iron-bearing formation in Wadi Kareim. 
The diagram indicates that the investigated association of rocks of the iron-
bearing formation in Wadi Kareim had an evolution trend similar to the Schirmeck 
type of preorogenic Hercynian volcanics and is more inclined towards a tholeiitic 
tendency, i. e. spilites relatively poor in calcium, and rather siliceous keratophyres. 
The FMA variation diagram 
In the FMA ternary diagram illustrating the tholeiitic and calc-alkali series 
proposed by NOCKOLDS [1954], the metavolcanic and pyroclastic rocks of the studied 
area show a trend similar to the tholeiitic series (Fig. 18). 
The Na—K—Ca ternary diagram 
The Na—K—Ca ternary diagram for the metavolcanic and pyroclastic rocks 
of Wadi Kareim is very comparable to such diagrams published by JUTEAU and ROCCI 
[op. cit., 1974] for some spilite-keratophyre association of the Lahn-Dill rock series 
rather than the Schirmeck rock series of the Hercynian orogeny. The same similarity 
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FeO + Fe 20 3 
K^O + Na^O 
Fig. 18. FMA ternary diagram. 
Ca K 
Fig. 19. Na—K—Ca ternary diagram. 
is again noted from the Na—K—Ca ternary diagram of the amalyzed rocks (Fig. 19), 
based on the number of calculated atoms. 
This discrepancy in the presentation of chemical data of the studied rock asso-
ciation on the Si/3 — (Na + K + 2 Ca/3) versus K — (Na + Ca) diagram, and the 
Na—K—Ca ternary diagram is most probably due to he presence of abundant 
calcite veinlets intersecting most of the studied metavolcanic rocks in Wadi Kareim 
area. 
Niggli-values 
The Niggli-values for the metavolcanic and pyroclastic rocks of the iron-bearing 
formation in Wadi Kareim, are calculated according to the method suggested by 
NIGGLI [1954], a n d t h e m o d i f i c a t i o n s a d o p t e d b y BARTH [1959]. 
From the Niggli values given in Table 2, it is evident that most of the rocks are 
saturated with respect to silica. The quartz value (qz) is more than —12, with the 
exception of analysis No. 9, which indicates that olivine is absent. The k-value also 
is less than 0.36, which points that the studied rocks do not contain potash feldspars, 
T A B L E 2 
Niggli-values of W. Kareim metavolcanics and pyroclastics 
Analysis 1 . 3 5 8 9 10 
si 138 239 134 215 130 198 
al 28 32 27 27 22 34 
fm 40 39 45 30 28 38 
c 20 14 19 30 39 9 
alk 12 15 9 13 11 19 
k 0,18 0,23 0,13 0,26 0,29 0,04 
mg 0,35 0,4 0,61 0,36 0,48 0,49 
ti 4,9 2,5 1,5 1,7 1,3 2,4 
p 0,34 0,23 0,16 0,22 0,16 0,20 
qz - 1 0 79 - 2 63 - 1 4 22 
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Fig. 20. The relation between si and al, fin, c, alk values ol 'Niggli. 
and that the sum of potassium should be incorporated in the plagioclase structure 
[CHETVERIKOV, 1956]. However, uncommon sanidine and perthitic intergrowths are 
occasionally observed in some rock varieties. The calculated k-values, are also similar 
to the data reported by FIALA [1967] for spilitic rocks from Bohemia, which K-values 
vary from 0.1 to 0.31, with the higher values are specific for keratophyres and quartz-
keratophyres. Also, silicates with isomorphous replacement of magnesium by iron 
are more high-temperature, the more they contain magnesium. Therefore, the cal-
culated mg-values for the studied metavolcanic and pyroclastic rocks (more than 0.35) 
possibly indicate they are high-temperature [CHETVERIKOV, 1956]. 
Fig. 20 illustrates the correlation diagrams; si—al, si—fm, si—c, and si—alk 
for the analysed rock samples. It is obvious that by increasing the values of si those 
of al and alk increase, while those of fm and c decrease consequently. Such relation-
ships are quite normal for igneous rocks. The relations between si and al and alk are 
rather linear, which indicate positive correlations between si—al, and si—alk values, 
i. e. most of A1203, N a 2 0 and K 2 0 are combined with Si02 in the silicate minerals. 
The relations between si and fm and c, however, deviate from the linear arrangement, 
that point to presence of iron oxide minerals, and calcite in the investigated rocks 
beside their sharing in the structure of silicates. 
CONCLUSIONS 
From the foregoing discussion it sould be concluded that the Precambrian 
iron-bearing formation at Wadi Kareim consists of low-grade regionally metamorph-
osed greywackes, schists, volcanics and tuffs, of the green schists facies. 
The greywackes are mainly represented by volcanic greywackes grading to vol-
canic breccias and infrequent normal greywackes. The described metasediments 
contain abundant polymictic and mesomictic ill-sorted fragments and grains indi-
cating rapid transportation as was mentioned by KAMEL et al. [1977]. The mechani-
cally carried pebbles and particles are relatively fresh fragments and represent many 
of the associated volcanic rocks. Such polymictic rock fragments and grains point 
to deposition during the period of intense subsidence of the geosyncline. 
The schists are represented by chlorite, chlorite-calcite and actinolite-epidote 
varieties. Chlorite schist is most probably the regionally metamorphosed product 
of the geosynclinal pelitic and psammopelitic sediments, whereas the chlorite-calcite 
schists are either the products of some basic volcanic rocks or calc-pelitic sediments. 
The actinolite-epidote schists, however, belong to the albite-epidote hornfelses of the 
contact metamorphic facies. It is suggested that such schists were most probably 
developed along the sheared parts of the metavolcanic and associated pyroclastic 
rocks. Near the contact surfaces of granodiorite, the described schists may be facially 
changed to chlorite-biotite and chlorite-biotite-garnet varieties. 
The metavolcanic rocks comprise keratophyre, quartz-keratophyre, spilite, 
spilitic diabase and diabase, that commonly occur as sheeted dykes and sill-like bodies, 
concordant with the schists, greywackes, lapilli tuffs (mainly spilitic), and banded 
lithic and crystal tuffs. 
Application of the Al/3—K versus AI/3—Na diagrams aids in the petrochemical 
classification of the investigated rocks, and the designation of their magmatic differ-
entiation or sedimentary degradation. The spilite of Wadi Kareim is similar to the 
average world spilite reported by VALLANCE [1960]. The keratophyre has an inter-
mediate composition and is comparable to the aphanitic keratophyre of Schirmeck-
type [JUTEAU and Rocci, 1974]. The volcanic graywacke has a composition compa-
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rabie to the spilitic. volcanics. Normal graywacke, however, has an intermediate com-
position between graywackes and shales. The chlorite schist also has a composition 
similar to shales. Again, the chlorite-calcite schists have a composition similar to 
tholeiitic dacites of the calc-alkaline series. Meanwhile, tuff has a different compo-
sition from normal volcanic and sedimentary rocks, but rather near to that of spilitic 
volcanics. 
The Si/3—(Na + K + 2 Ca/3) versus K—(Na + Ca) diagram of the investigated 
group of rocks shows an evolution trend similar to the Schirmeck-type of preoro-
genic Hercynian volcanics denoting a magmatism of "folds" for the preorogenic 
Precambrian volcanics of Wadi Kareim, Central Eastern Desert, Egypt. Also, the 
FMA diagram of the studied rocks indicates a variation trend similar to the tholeiitic 
rock series. However, the Na—K—Ca diagram is rather comparable to the diagrams 
of the spilite-keratophyre rock association of the Lahn-Dill series, characteristic 
for a magmatism of "grabens". This discrepancy, may be partly due to the presence 
of abundant calcite veinlets in the studied group of rocks. However, the present 
authors feel that more petrochemical data concerning the Precambrian iron-bearing 
formation in the Eastern Desert are required to confirm the above suggested ideas 
concerning the paleographic and paleostructural conditions affecting the early geo-
synclinal volcanism. 
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P E T R O C H E M I S T R Y A N D T E C T O N I C I M P L I C A T I O N O F T H E 
U M M G H E I G F O R M A T I O N , E A S T E R N , D E S E R T , E G Y P T 
M . F . GHONEIM a n d M . A . EL-ANWAR 
SUMMARY 
The Umm Gheig Formation belongs to the Abu Ziran Group of the Central Eastern Desert 
of Egypt. Rocks of this formation are originally derived from basalt, andesite and subordinate rhyo-
lite. Although the formation includes two pétrographie associations suffering different grades of 
metamorphism, however, they have close consanguineous magmatic relationship. It is suggested 
that these associations belonging to tholeiitic magma type which are tectonically emplaced as is-
land arc. 
INTRODUCTION 
Detailed geological mapping of the area around Wadi Umm Gheig, Eastern 
Desert of Egypt, reveal the occurrence of new separate formation pertaining to the 
Abu Ziran Group [AKAAD and NOWEIR, 1969]. This formation was named for the 
first time Umm Gheig Formation by EL-ANWAR [1983] after Wadi Umm Gheig 
where the best exposures of the formation occur around its main course. 
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The Umm Gheig Formation lies between latitudes 25° 35', 25°45' N and 
longitudes 34°15\ 34°30' E (Fig. 1). The dominant rocks of the present formation 
are volcanic flows and tuffs together with subordinate rocks made of tuffaceous 
sediments derived therefore. This association have undergone various degree of 
regional metamorphism including both the greenschist and epidote-amphibolite 
facies. Comparison of this association with the already established eight formations 
of the Abu. Ziran Group [AKAAD and NOWEIR, 1980] reveal .that the present asso-
ciation is different and unique. The detailèd field, structure, petrography and meta-
morphism of this formation will be dealt with in a separate publication. 
Few attempts has been carried out to elucidate the petrochemical characteristics 
of the metavolcanic rocks of Eastern Desert of Egypt e.; g. NOWEIR and EL SHAR-
KAWI [1978]. For the present rocks, the main objectives in this work are estimate the 
various petrochemical parameters and versus, define different pétrographie varieties, 
elucidate the magma type and finally to determine their tectonic implication in 
light of plate tectonic framework. 
: F I E L D O C C U R R E N C E A N D P E T R O G R A P H I C C H A R A C T E R I S T I C 
The Umm Gheig Formation is separated and named by EL ANWAR [1983] 
as new formation belonging to Abu Ziran Group. SABET [1961] considers the present 
rocks as a part of the metasedimentery rock of the Egyptian basement. The formation 
appears as a part of the Géosynclinal Metasediments in the newly published map of 
Geological Survey of Egypt scale: 1:2.000,000 [1981]. • 
The Umm Gheig Formation occupies a rather irregular and extensive outcrop, 
covering about 185 km2 and trending NW—SE to NNW—SSE. The best outcrops 
is exposed around Wadi Umm Gheig after which the formation was named. 
The extreme NE part of the belt is tectonically emplaced by serpentinites and 
intruded by metagabbros. The northern, northwestern, south western and soiithern 
parts of the Umm Gheig Formation are later intruded by members of the Younger 
Granites. 
The present formation is unconformably overlain by the Igla Formation in the 
mid-eastern side and by Micoene-Pliocene-Quaternary Red Sea coastal strip from 
the east. „ 
Petrographically the Umm Gheig Formation consists of an interbedded sequence 
of regionally metamorphosed volcanics and their equivalent tuffs together with sub-
ordinate tuffaceous sediments. This heterogeneous sequence can be classified into 
two distinct associations depending on the distribution of the different rock types 
and the degree of metamorphism. These associations are the Wizr greenschist asso-
ciation and the Kab Ahmed epidote — amphibolite association. 
P E T R O C H E M I S T R Y 
Fifteen representative samples were selected from the belt of the Umm Gheig 
Formation for chemical analysis of major elements. The result are presented in 
Table 1. 
Regarding the chemical composition of the present rocks, the cation mesonorm 
[WEDEPOHL, 1969] and the colour index were calculated and plotted on QAP diagram 
'208 
Chemical analyses (wt%) for rocks of the Umm Gheig Formation, Eastern Desert, Egypt 
TABLE 1 
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SiOs 58.89 55.07 60.00 46.43 48.11 59.70 50.46 SIM 61.23 45.11 58.07 47.11 67.75 66.50 66.53 
TiOj ' 1.20 1.44 0.90 1.68 1.08 0.52 0.72 0.58 0.50 1.28 0.64 0.84 0.26 0.18 0.24 
A1,03 16.15 15.83 15.99 17.19 16.77 15.73 15.89 16.51 17.29 16.87 15.89 17.08 15.37 14.59 14.48 
Fe .O, 3.13 4.29 3.07 2.43 1.23 4.04 4.67 1.58 3.23 5.16 3.87 3.61 1.18 1.16 0.91 
FeO 4.86 5.03 5.16 9.28 10.68 3.78 7.78 3.65 3.57 8.62 6.00 7.14 2.47 4.35 6.27 
MnO 0.14 0.15 0.12 0.20 0.22 0.08 0.24 0.14 0.12 0.24 0.16 0.19 0.07 0.06 0.06 
MgO 2.76 4.18 2.18 7.49 7.14 2.44 3.31 5.44 2.68 7.70 2.18 7.75 1.51 1:41 1.54 
CaO 5.57 5.86 5.21 10.30 10.06 4.79 8.27 7.03 5.86 10.67 5.45 9.38 4.69 3.53 3.47 
NasO 3.37 3.57 3.71 — 1.35 5.39 3.10 5.05 3.67 2.09 3.57 2.56 3.84 2.70 2.70 
K,O 1.38 1.56 1.81 2.41 1.81 — 0.12 0.24 1.20 0.36 1.08 1.38 1.20 2.11 2.11 
H,O + . 2.10 2.44 1.36 2.48 1.01 2.93 3.46 0.87 0.54 1.44 1.46 2.47 0.98 1.39 0.83 
HSO" 0.19 0.20 0.21 0.16 0.27 0.11 0.16 0.12 0.06 . 0.12 0.13 0.15 0.10 0.16 0.18 
P2O6 0.285 0.122 — . — — — 0.045 0.102 0.089 0.004 0.126 0.078 0.054 — — 
Total 100.02 99.77 99.72 100.05 99.73 99.51 98.23 98.97 100.04 99.66 98.63 99.74 99.51 98.14 99.32 
TABLE 2 





























































































































































Total 100.00 100.00 100.00 100.00 100.01 99.99 100.00 100.00 100.00 99.95 100.00 100.00 100.00 100.00 100.00 
si 194.58 162.70 201.96 100.88 109.78 202.31 138.48 165.74 202.17 97.67 189.34 107.31 284.46 289.31 271.95 
al 31.39 27.51 31.66 23.17 22.51 31.36' 25.65' 27.92 33.58 21.49 30.51 22.89 37.96. 37.34 34.82 
fm 35.21 40.79 33.57 48.02 47.28 33.57 41.59 35.94 31.43 49.38 36.91 46.57 • 22.12 28.98 33.80 
c 19.72 18.55 18.79 25.28 24.60. 17.39 24.32 21.65 20.73 24.75 19.06 22.89 21.10 16.46 15.20 
alk 13.69 13.15 15.98 3.52 5.62 17.68 8,44 14.49 10.26 4.38 13.53 7.65 18.82 17.23 16.19 
k 0.21 0.22 0.24 1 0.47 — 0.02 0.03 0.18 0 . 1 1 0.17 0.26 0.17 0.34 0.34 
mg 0.39 0.45 0.33 0.54 0.52 0.37. . 0.33 0.65 . 0.42.. . 0.51.. . 0 . 2 9 . . 0.57 .0.43 0.32 ...0.28 
qz 39.82 10.1 38.04 - 1 3 . 2 - 1 2 . 7 31.59 4.72 7.78. 45.13 - 1 9 . 8 5 35.22 - 2 3 . 2 9 109.18 120.39 107.19 
ti 2.97 3.19 2.27 2.89 1.85 1:32 1:48 1.25 1.24 2.08 1.57 • 1.44 0.82 0.59 • 0.74 
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of STRECKEISEN [1967] (Fig. 2). The plots reveal that the rocks of the Umm Gheig 
Formation compositionaly have three pa in pétrographie equivalents : 
a) Basalt and andesite, (Field 10) • ' 
b) Qz-andesite (Field 5) 
c) Rhyolite - (Field 3a). 
Q ' !" 
/ ; 1b \ 
Fig. 2. Distribution of the rocks of Umm Gheig Formation IN-the QAP diagram [ S T R E C K E I S E N , 1 9 6 7 ] . 
Wizr Greenschist Association Kdb Ahmed Amphibolite Association 
Metadolerit and metabasalt A Amphibolite (basaltic) A 
Metaandesite ° .Amphibolite (andesitic) i • 
Metatuffs (basaltic) A Subschist (andesitic) ® 
Metatuffs (andesitic) o Metarhyolite • 
For delimination between basalt and andesite, STRECKEISEN (op. cit. p. 182) 
has suggested a delimitation by colour index at M = 4 0 as limit. BARTH [1931] 
has given preference to colour index at the limit M = 3 5 (see Table 2). 
The characteristics of the distribution of the major oxides in the rocks of the 
Umm Gheig Formation can be investigated by variation diagrams. On plotting the 
chemical analysis of the major oxides versus Thornton and Tuttle's D.I. (Fig. 3) 
several characteristics can be denoted. 
a) Plots for Si02, Na 2 0 , FeO*, CaO and MgO with D.I. shown linear trends 
(Fig. 3, a,b, d, e, f ) . 
b) Plots for SiOs and N a 2 0 are well positively correlated with D.I. (Fig. 
3,a, b). 
c) Plots of CaO, MgO and FeO are negatively correlated with D.I. (Fig-. 
3, e,f, d). 
d) Plots belong to the amphibolitic samples (amphibolite of basic and inter-
mediate origin, Nos. 90,253) confirm well to the smooth descending trend (Fig. 3, a, 
b, d, e and f ) . 
e) Potash is weakly positively correlated with D.I. (Fig. 3c). 
Denotion a, b and c nicely reveal close consanguineous magmatic relationship 
for the present rocks. Denotion d confirms the ortho-origin of the present amphi-
bolites. Denotion e donates partial migration or addition of potash for some samples 
during processes of alteration and metamorphism. 
Larsen's variation diagram of the studied rocks is shown in Fig. 4. The percentage 
frequency of the individual elements are plotted on ordinate versus the corresponding 
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Fig. 3. Variation diagrams of major oxides vs differentiation index (D.I.) according to T H O R N T O N 
' arid T U T T L E [1960] for samples from Umm Gheig Formation. Symbols as in Fig. 2. 
"differentiation index, D.I." on the abscissa (D.I .=(£ S i + K ) - ( C a + Mg). The 
figure indicate typical continuous magmatic trend of the present rocks, i. e., with 
proceeding the magmatic differentiation Si and Na regularly increase whereas Mg 
and Ca linearly decrease. Out of these regular trends potash is exceptionally varied 
that is attributed to either later potash metasomatism and/or migration of ¿ 'during 
regional metamorphism. 
Fig. 5. Alkalies — silica variation diagram for rocks of the Umm Gheig Formation. The broken 
line means the boundary between alkalic and tholeiitic basalts in Hawai [ M C D O N A L D and' 
K A T S U R U 1964],-the solid line gives the boundary between alkalic and non-atkalic volcanic 
rocks in Japan Kuno, 1966]. 
1. Oceanic tholeiitic basalt, 2. continental tholeiitic basalt, 3. oceanic alkalic basalt, 4. con-
tinental alkalic basalt (1—4 according to L O E S C H K E , 1976), 5. island arc tholeiitic basalt, 
"' 6. island arc tholeiitic andesite, 7. island arc tholeiitic dacite ( 5 — 7 according to JAKES and 
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Fig. 4. Variation diagrams of Si, Mg, Ca and K per cent vs differentiation index (D.I.) according to 
L A R S E N for samples from Umra Gheig Formation indicating co-magmatic differentiation. 
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FeO*/MgO 
(5. Variation diagrams of TiO„ FeO, SiO, vs FeO»/MgO for rocks of the Umm Gheig For-
mation. FeO* means the total iron as FeO. The field boundaries separate the tholeiitic (TH) 
and calc-alkaline (CA), and the trend lines for abyssal tholeiites (A), Macauley Island arc 
tholeiite series (M) and the Amagi calc-alkaline series (AM) after M I Y A S H I R O [1975b). 
Symbols as in Fig. 2. 
Non-alkalic volcanic trend of the Umm Gheig Formation: 
Plotting the present analyses on the alkali-silica variation diagram (Fig. 5) 
reveals that all the volcanic rocks under consideration (with one exception) fall 
within the non-alkalic field (the field of tholeiite according to IRVINE and BARAGER, 
1971). The exceptional sample plot just above the dividing line, which is most prob--
ably due to the low silica and high potash content of that sample (see Fig. 3c and 4d). 
The non-alkalic affinity of the present rocks is simillar to affinites for most of 
the metavolcanic rocks of the Central Eastern Desert [NOWEIR and EL SHARKAWI, 
1978, a n d TAKLA a n d SHENOUDA, 1981]. 
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Predominance of tholeiite magma type in Umm Gheig Formation: 
MIYASHIRO [1975 a, b) has classified the volcanic rock series of the Earth into 
alkalic and non-alkalic groups. The latter may be subdivided into tholeiitic (TH) 
and calc-alkalic (CA) series. FeO*/MgO aersus Si02, FeO*/MgO versus FeO* 
and FeO*/MgO versus Ti0 2 diagrams were proposed by MIYASHIRO [1973] to dis-
tinguish between tholeiitic and caic-alkaline volcanic series. The above mentioned 
diagrams are widely used for fresh as well as metamorphosed volcanic rocks, e.g. 
GALE, [1975], FURNES et al., [1976]. 
Plotting the chemical data of the Umm Gheig Formation on Miyashiro's dia-
gram (Fig. 6) indicate that almost all plots lie within'the tholeiitic field. 
IRVINE and BARAGER [1971] have demonst ra ted the usefulness of t r iangular 
diagram with Mg, FeO* arid N a 2 0 + K 2 0 at the cofners (AFM) to discriminate the 
tholeiitic and calc-alkalic volcanic rocks. The presefit data are presented on (AFM) 
diagram (Fig. 7), they firmly indicate that most of rocks of the Umm Gheig For-
mation were the product of originally tholeiitic volcanic rock. 
F 
Fig. 7. Rocks of the Umm Gheig Formation plotted on AFM variation diagram ( A = N a , 0 + K sO, 
F —FeO (total Fe), M = MgO. The field boundary separating the tholeiitic (TH) and calc-
alkaline composition is after I R V I N E and B A R A G A R [1971]. Compositional fields (1—6) are 
. after N O W E I R and E L - S H A R K A W I [1978]: 
1. Eraddia Formation A 4. Muweilih Formation 
2. Um Seleimat Formation 5. Eraddia Formation B 
3. Sukkari Formation 6. Atalla Formation 
Symbols as in Fig. 2. 
Petrochemical correlation with other metavolcanic rocks of North Central 
Eastern\Desert of Egypt: 
By using AFM and FeO—Fe203—Ti02 ternary diagrams constructed by 
NOWEIR a n d EL SHARKAWI [1978] f o r d i f f e r e n t i a t i o n b e t w e e n t h e m e t a v o l c a n i c 
rocks of NorthJ Central Eastern Desert of Egypt, the present rocks overlap the 
fields of the Um Seleimat Formation, the Sukkari Formation the Muweilih Formation 
and part of the Eraddia Formation field, (Fig. 7, 8). 
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FeO 
with respect to published metavolcanic formation of Eastern Desert, Egypt. Symbols as in 
Figs. 2 and 7. 
Tectonic implication of the Umm Gheig Formation: 
It is clear that there is a close relationship between different types of volcanic 
rocks and their tectonic setting. After the establishment of tholeiitic volcanic trend 
for the rocks of the Umm Gheig Formation it is neccessary to find out the possible 
original tectonic environment on the light of plate tectonic theory. 
Unfortunately, tholeiitic magma exist in large quantities in island arc sequences, 
but they also occur in oceanic rift environment (abyssal tholeiities) and as continental 
floor b a s a l t [JAKES a n d GILL, 1970 a n d MIYASHIRO, 1974]. 
Throughout the literature survey, the geochemical methods are the most effec-
tive in discriminating different tectonic setting of volcanic rocks. Applications 
of these methods for rocks of the Um Gheigh Formation might help in deducing the 
past-tectonic environment prevailing during their eruption. 
The preliminary impression about the tectonic implication of the present rocks 
is taken from alkali-silica variation diagram (Fig. 5). In this diagram the present 
rocks appear much more similar to tholeiitic rocks developed in island arcs [JAKES 
and WHITE 1972] than any other tholeiitic type of different tectonic setting. 
FLOYD and WINCHESTER [1978] and other, have demonstrated that Ti0 2 is one 
of the immobile elements during post-consolidation alteration processes (e.g. 
spilitic alteration, metamorphism) that is significantly used in constructed diagrams 
for the identification of ancient volcanic suite and comparing them with the recent 
volcanics. MIYASHIRO [1975a] indicates that the abyssal tholeiites show a higher 
rate of increasing of Ti0 2 with increasing FeO*/MgO than do island arc tholeiitic 
rocks. Fig. 9 represents the composition fields of abyssal tholeiites and island arc 
volcanic rocks constracted by MIYASHIRO (op. cit). This figure confirms the island 
arc tectonic setting for rocks of the Umm Gheig Formation, since all present plots 
are completly enclosed within the field of island arc volcanic rocks. 
MIYASHIRO [19756], u s e d t h e N a 2 0 / K 2 0 versus N a 2 0 + K 2 0 d i a g r a m f o r o l d 
metamorphosed rocks (e.g. Franciscan terrane) in order to clarify both alkali 
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Fig. 9. N a s 0 / K , 0 vs Na s O+ KjO diagram for rocks of Umm Gheig Formation. V V curve 
represents the upper limit for all fresh volcanic rocks, Ic-th means the field of Icelandic 




Fig. 10. Composition field of abyssal tholeiites and island arc tholeiites in diagram of TiO, vs 
FeO/MgO after M I Y A S H I R O [1975a]. Symbols as in Fig. 2. 
migration during metamorphism and past-tectonic environments for these rocks. 
Using the above diagram (Fig. 10) it shows that rocks of thé Umm Gheig Formation 
lies below the V—V indicating little migration of alkalies during metamorphism. 
It also shows that the present rocks behave similar to thé island arc volcanic rocks 
of the Franciscan terrane. 
PEARCE [1976] compiled large number of major element oxides analyses for the 
basaltic rocks from different tectonic settings. By using discriminant function it was 
possible to represent visually the separation of six tectonically defined magma, 
(OFB) ocean-floor basalts, (LKT) island arc tholeiites, (CAB) calc-alkalic basalt, 




Fig. 11. Plot of discrimination functions F2—F3[PEARCE, 1976]for rock varieties of the Umm Gheig 
Formation. 




Symbols as in Fig. 2. 
Application of the Pearce's numerical method to lavas of unknown tectonic 
setting of the Archean metabasalts gives the mostly geological consistant results. 
The chemical analysis for rocks of the Umm Gheig Formation are treated on the 
basis of Pearce's discrimination method where F2 and F 3 were calculated (Table 2). 
Rock varieties have basaltic and quartz-basalt original composition are plotted well 
inside island arc tholeiitic field (LKT) (Fig. 11). 
Generally, the mechanism of continental growth [HAMILTON, 1970], has contri-
buted the addition of primary, but relatively highly fractional sialic material in the 
form of andesite basalt volcanism in island arcs. 
Finally, on the basis of major element pattern, it is here highly suggested that the 
present tholeiitic volcanic rocks of the Umm Gheig Formation was formed in island 
arc environment. 
C O N C L U S I O N S 
The Umm Gheig Formation was formerly described as a new and unique meta-
volcanic formation belonging to the Abu Ziran Group of the Central Eastern Desert 
of Egypt [EL-ANWAR, 1983]. It constitutes a heterogeneous sequence of volcanic 
flows and. tuffs together with subordinate amounts of tuffaceous sediments. 
Based on the petrography, structure setting and regional metamorphism, the 
Umm Gheig Formation was subdivided into two distinct associations namely the 
Wizr greenschist association and the Kab Ahmed epidote-amphibolite association. 
Interpretation of chemical data of different rock types included in both associa-
tions of the Umm Gheig Formation revealed the following conclusions: 
1) Rocks of the Umm Gheig Formation were originally derived from basalt, 
andesite, quartz andesite with subordinate rhyolite (the latter is restricted to the Kab 
Ahmed epidote-amphibolite association). 
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2) Variation diagrams between major oxides and differentiation indices indi-
cate a close consanguineous magmatic relationship of both associations of the Umm 
Gheig Formation including the amphibolite rock varieties. 
3) Variation diagrams of alkali-silica, FeO*/MgO+FeO* versus FeO*, Si02 
and Ti0 2 as well as AFM diagram indicate that these rocks are likely to be originated 
as a product of tholeiitic magma type. 
4) Rocks of the Umm Gheig Formation are clustered within the field composi-
tion belonging to the Umm Seleimat Formation, the Sukkari Formation, the Mu-
weilih Formation and part of the Eraddi Formation on AFM and FeO—Fe203— 
Ti02 diagrams which were used for separation different metavolcanic rocks of the 
Central Eastern Desert of Egypt. 
5) Plotting the data with the newly published diagrams discriminating different 
tectonic settings, particularly volcanic rocks occur in orogenic belt similar to the 
present rocks, it is highly favoured that the Umm Gheig Formation implicated in 
island arc past tectonic environment. 
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L A T E P R E C A M B R I A N V O L C A N I S M I N G A B A L A B U H A D , 
E A S T E R N D E S E R T — E G Y P T : E V I D E N C E F O R 
A N I S L A N D — A R C E N V I R O N M E N T 
MOHAMED A . HEIKAL a n d ABDEL-AAL M . AHMED 
ABSTRACT 
Gabal Abu Had represents one of the widely distributed localities of the Late Precambrian 
Dokhan Volcanics in Egypt. The Abu Had volcanics are characterized by predominance of pyroclas-
tics similar in that character to modern volcanic arcs. Chemically, they belong to the calc-alkaline 
series which characterize volcanism in island-arcs and continental margins. Ah island-arc1 environ-
ment is suggested for the Dokhan volcanics of Gebel Abu Had based on major and immobile trace 
elements. 
INTRODUCTION 
The basement complex of Egypt covers an area of about 100.000 square kilo-
metres among which the Dokhan volcanics occupy limited areas attaining about 
10% of the basement outcrop [STERN, 1979]. The Dokhan Volcanics are best devel-
oped north of Latitude 26° in the Eastern Desert, particularly at Gabal Dokhan, 
from which they acquired their name (Fig. 1). The Dokhan Volcanics represent 
the oldest unmetamorphosed volcanics in Egypt and are considered of Late Pre-
c a m b r i a n in a g e [EL SHAZLY et ah, 1973; STERN, 1979]. 
Gabal Abu Had represents one of the widely distributed localities of the Dokhan 
Volcanics in the Eastern Desert of Egypt where they form a greyish-black belt that 
extends in a NE—SW direction (Fig. 1). The Abu Had volcanics frequently occurs 
in the form of successive sheets, mainly represented by lavas and pyroclastics with the 
latter as the most dominant varieties. The bulk composition of the lavas is mainly 
andesitic comprising augite — and quartz-bearing varieties. Rhyodacites are uncom-
monly observed. The pyroclastics are made up of dacitic and andesitic ashfall tuffs 
of relatively thick units. Ignimbritic rhyolites are recorded among the Abu Had rock 
association. 
In the present study, field and geochemical features are used in an attempt to 
identify the tectonic environment in which Abu Had volcanics were formed. Field 
criteria are largerly based on those given by GARCIA [1978]. Chemical discrimination 
parameters proposed by recent workers are also applied, using major elements as 
well as immobile trace elements (Table 1) of the studied volcanics. Fig. 2 shows the 
chemical identification of Abu Had volcanics according to their silica and alkali 
c o n t e n t s [MIDDLEMOST, 1980]. 
FIELD EVIDENCES 
Continental and island arc volcanoes, particularly those in orogenic belts, are 
normally much more explosive than oceanic volcanoes [RITTMANN, 1962; RITTMANN 
a n d RITTMANN, 1976]. A c c o r d i n g t o WILLIAMS a n d MCBIRNEY [1979] t h e c o n t i n e n t a l 
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Chemical analyses of Abu Had Volcanics 
T A B L E 1 
% 1* . 2 . 3 4 5 6 7 8 • 9 10 11 12 13" 14 15 16 17 18 19 
SiO, 69.54 63.82 63.03 58.78 58.40 58.19 57.91 57.73 57.61 57.60 57.58 72.24 66.43 64.84 63.15 62.38 61.98 60.79 59.21 
TiO, 0.30 0.52 0.34 0.33 0.92 0.64 0.68 0.62 0.32 0.52 0.60 0.27 0.60 0.26 0.52 0.26 0.20 0.80 0.26 
A1¿0, 14.38 14.42 14.61 16.33 16.33 15.82 16.33 16.93 16:28 16.42 16.98 13:31 15.31 14.88 14.19 15.63 16.09 15.49 15.73 
E e , 0 3 0.59 4.05 3.29 3.86 5.07 3.33 3.34 3.02 3.73 3.56 3.98 0.61 0.64 2.67 2 ?1 1.93 2.91 4.34 3.24 
FeO 3.36 1.39 • 2.17 2.69 2 .26 . 3.71 3.91 3.85 3.53 3.80 3.42 1.59 2.72 1.96 2.32 1.74 2.11 2.78 3.97 
MnO 0.16 0.11 0.12 : 0.13 0.12 0.19 0.13 0.15 0.14 0.15 0.13 0.06 0.07 0.14 0.12 0.10 0.09 0.12 0.13 
MgO 0.84 1.84 2.23 . 2.89 2.64 3.26 2.97 • 2.68' 3.05 3.26 3.01 0.38 1.38 2.38 2.51 1.76 2.10 2.51 2.38 
CaO 2.33 4.37 4.37 6.12 5.99 3.77 6.10 6.06 6.29 6.01 5.48 1.45 3.73 4.84 4.25 4.78 4.66 5.59 7.05 
N a , 0 4.19 3,98 4.12 .2.96 •3.37 3.61 3.40 4.41 2.61 3.26 3.46 3.69 3.69 3.83 3.11 4.41 3.40 3.11 2.61 
K.O 3.69 3.94 '2.23 3.21 1.96 2.69 1.80 "0.97 2.30 1.93 1.85 4.82 3.28 2.83 4.59 2.16 3.83 2.82 2.37. 
P.O. 0.10 0.13 0.13 0.17 0.17 0.19 0.21 0.18 0.19 0.22 0.20 0.05 0.19 0.15 0.15 0.14 Ó.20 0.16 0.18 
Loss on 
ignition 0.57 0.54 0.85 2.29 1.25 1.45 -, 1.19 2.21 2.08 1.71 1.53 1.28 0.91 0.71 1.33 3.51 1.08 1.02 1.52 
H.O 0.12 Ó.93 0.98 0.26 0.18 0.18. . 0.11 0.15 0.06 0.18 0.18 0.17 0.08 0.15 0.17 0.20 0.37 0.12 0.37 
Total 100.17 100.04 98.47 100.02 98.66 99.03 98.08 98.96 98.19 98.62 98.40 99.92 99.03 99.64 99.22 99.00 99.02 99.65 99.04 
Trace elements (ppm) 
Sr 100 500 500 200 100 150 100 300 150 100 100 n. d. 300 300 150 400 200 150 50 
Ba . 200 500 500 300 150 300 150 200 300 200 200 150 400 400 300 500 400 300 150 
Zr 50 . 60 60. 40 30 40. .10 80 50 20 20 30 50 50 50 60 50 30 30 ' 
N b - 5' - 5 ' 5 5 5 5 5 5 5 5.' 5 5 5 5 5 5 ' 5 5 5 • 
V 20 50 .100 80 100 60. 60 100 80 60 60 10 30 40 60 40 60 60 60 
Cr 80 300 • 200 60 100 300 100 50 150 80 80 80 80 200 150 100 100 60 60 
Co 3 10 20 20 20 10 20 3 5 10 10 n. d.** 3 6 10 3 6 10 20 
Ni . , n. a 40 • 50 5 30 10 20 5 5 20 20 3 10 20 40 20 30 20 10 
Cu - 10 20 30 20 20 30 50 10 10 40 30 5 20 20 30 20 80 50 30 
* 1 Rhyodácite, 2—3 Quartz-andesites (Imperial Porphyry), 4—11 Andesites, 12 Ignimbritic rhyolite, 13—17 Dacite- tuffs and 18—19 
Andesitic tuffs. 
* * n. d. Not detected. 
and island arc volcanics have contributed 95% or more of all the pyroclastic deposits 
laid down during historic times. The important controlling factor for the predomi-
nance of pyroclastics within a volcanic sequence, is their tectonic setting without 
regard of magma type [GARCIA, 1978]. 
In Abu Had volcanics; pyroclastics (dacitic and andesitic tuffs) are predominant 
similar in that character to modern volcanic arcs. In general, the Egyptian Dokhan 
volcanics are characterised, by abundance of explosive products [e. g. FRANCIS, 
1972]. In1 addition,'the upper part of Abu Had succession is interbedded with sedi-
ments of the Hammamat Group/The basal part of the. Hammamat Group is mainly 
derived f r o m ;the D o k h a n volcanics [AKAAD and NOWEIR, 1980, p . 132]. GARCIA 
[19.78] has reported that pyroclastic rocks in island arcs are interbedded with vol-
canoclastic sedimentary rocks derived from such arcs. 
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Fig. 2. Chemical classification of Abu Had volcanics according to their silica and alkali contents 
[ M I D D L E M O S T , 1 9 8 0 ] . 
GEOCHEMICAL EVIDENCES 
The following discussion and diagrams outline the chemical affinity of Abu Had 
volcanics and assess the possibility of using major elements as well as immobile trace 
elements in identifying the tectonic environment of the studied volcanics. 
MIYASHIRO [1974] has concluded that volcanic rocks of island arcs and active 
continental margins consist of three main rock series: calc-alkalic, tholeiitic, and 
alkalic. The alkalic series form only a very small part of these rocks. Such artificial 
distinction has the merit of permitting comparison with published data on modern 
examples where the temporal and spatial variation in island arcs and continental 
margins is defined mainly in terms of the calc-alkalic and tholeiitic series [JAKES 
a n d GILL, 1970; JAKES a n d WHITE, 1972; MIYASHIRO, 1974; STILLMAN a n d WILLIAMS, 
1978]. MIYASHIRO [1974] suggested that tholeiitic series could be defined by a slower 
rate of increase of Si02 content and higher enrichment of FeO* (total iron as FeO) 
and titanium with advancing fractional crystallization than the calc-alkaline series. 
The advance in fractional crystallization is measured by increase in FeO*/MgO 
ratio. Fig. 3 shows that the main trend of evolution of Abu Had volcanics is calc-
alkalic with slight tendency towards the tholeiitic trend. 
The Abu Had volcanics show a K 2 0 to Si02 trend (Fig. 4) similar to that of the 
calc-alkaline rocks of the Cascades and Central Andes island arcs [MIYASHIRO, 
1974]. The Halaban Group of Saudi Arabia (which is considered equivalent to the 
Egyptian Dokhan Volcanics) shows the same trend of Abu Had volcanics [GREEN-
WOOD et al., 1980, p . 16]. 
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Fig. 3. Changes of Si0 2 , FeO* and TiO, contents with FeO*/MgO ratio in Abu Had volcanics. 
Dividing lines are from M I Y A S H I R O [ 1 9 7 3 ] . 





Fig. 4. Plot of K 2 0 against SiOj for Abu Had volcanics. Trend lines with names show average val-
ues for volcanic rocks in those volcanic arcs [ M I Y A S H I R O , 1974]. 
Th: tholeiitic rocks, CA: calc-alkaline rocks, O: outer volcanic arcs, I : Inner volcanic arcs. 
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RJTTMANN [1973], pointed out that lavas of all active volcanics can be divided 
into two well separated groups which reflect the tectonic situation of the volcanoes. 
This appears clearly in a diagram the coordinates of which are the value T [GOTTINJ, 
1968] and the value a (serial index of RITTMANN, 1957) being: 
r = A 1 2 0 3 — N a 2 0 / T i 0 2 (weight %) 
a = ( K 2 0 + N a 2 0 ) 2 / S i 0 2 — 43 (Weight %). 
Fig. 5 shows GOTTINI—RITTMANN diagram on which the Abu Had volcanics 
plot exclusively in field B, designated by RITTMANN [1973] for volcanic rocks in 
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Fig.5. Abu Had volcanics plotted in G O T T I N I — R I T T M A N N diagram [ R I T T M A N N , 1 9 7 3 ] . Field A : 
Tholeiites, plateau basalts, alkali basalts, hawaiites. Field B : High-Al basalts, andesites, 
dacites, rhyodacites. Field C: Nephelinites, tephrites, trachytes, leucitites. 
To determine the relation betwen the tectonic evironment and trace element 
contents, MIYASHIRO and SHIDO [1975] have constructed various diagrams using 
the trace element data for rocks in typical tectonic setting. Fig. 6 shows a log V—log 
Cr diagram and Si02—log Cr diagram to discriminate between tholeiitic and calc-
alkaline volcanic rock series. The Abu Had volcanics plot in the calc-alkaline field. 
Fig. 7 shows the variation of chromium and nickel with increasing FeO*/MgO ratio 
in tholeiitic and calc-alkaline series of various tectonic setting. The studied volcanics 
fall in the field defined by MIYASHIRO and SHIDO for the volcanics of island arcs and 
active continental margins. The trace element data again reveal the calc-alkaline 
affinity of Abu Had volcanics. 
According to MIYASHIRO [1973, p. 220] "the calc-alkalic trend, or at least the 
abundance of calc-alkalic rocks is characteristic of the volcanism in island arcs and 
continental margins, that is, in the covergent margins of plates". GARCIA [1978, 
p. 153] stated that the identification of a thick sequence of calc-alkaline volcanic 
rocks in the rock record strongly suggests the presence of a former volcanic arc. 
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Fig. 6. Log V-log Cr and SiO,—log Cr to discriminate between tholeiitic and calc-alkaline volcanic 
rocks of Abu Had [ M I Y A S H I R O and S H I D O , 1 9 7 5 ] . 
Accordingly, the calc-alkalic trend of Abu Had volcanics may indicate their evolution 
in the island arc or continental margin environments. 
Recently, EWART [1979, 1981] has reviewed the lava analyses from various mo-
dern geotectonic settings and gave average abundances of 30 minor and trace ele-
ments from the main volcanic environments. RAMSAY et A/.,[1981] used such data to 
plot the most important of these elements against Si02 for the following geotectonic 
settings: 
1. Active continental margins (Western USA and Andean South America). 
2. Anorogenic environments (Iceland, S. E. Queensland, and the Western Scotland-
Northern Ireland province). 
3. Oceanic islands (Galapagos, Hawaii, Canaries, and the Zephyr Shoal). 
4. Primitive ensimatic island-arcs (Tonga-Kermadec and Lesser Antilles). 
Fig. 8 shows that plots of Abu Had volcanics (except those of Cu) fall mainly 
in t h e f ie ld d e f i n e d by RAMSAY et al. [1981] a f t e r EWART [1979, 1981] f o r i m m a t u r e 
island arcs. Whilst a few individual analyses may be incorrecrly allocated, the bulk 
of population lie in the island arcs field. RAMSAY et al., stated that the defined fields 
"are the fields of average values for defined Si02 ranges, and therefore indicate only 
typical concentrations of the relevant elements. The actual fields of individual points 
are, of course, larger". 
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Fig. 7. Variation of Cr and Ni with FeO*/MgO for Abu Had volcanics [ M I Y A S H I R O and S H I D O , 
1975]. 
Table 2 compares some chemical features of Abu Had volcanics and those of 
rocks of different tectonic settings. Chemistry of thé Dokhan volcanics, at the type 
locality, Gabal Dokhan — Egypt as well as that of the Helaban Group of Saudi 
Arabia are also given. The chemical data of Abu Had volcanics generally resemble 
data for the island arc calc-alkaline series. The same tectonic setting had been sug-
gested for volcanics of Gabal Dokhan [BASTA et al., 1980], as well as for the Halaban 
Group of Saudi Arabia which is considered to be equivalent for the Egyptian Dokhan 
v o l c a n i c s [GREENWOOD et al., 1980]. 
D I S C U S S I O N 
The crystalline rocks of the Eastern Desert of Egypt (including the Dokhan 
Volcanics) form a part of the Arabian Nubian Shield which includes the crystalline 
basement of western Saudi Arabia, the Egyptian Eastern Desert arid the northeastern 
Sudan. In turn, the Arabian-Nubian Shield forms a part of a widespread, U-shaped 
non-cratonic belt of rocks covering a significant portion of Africa (Fig. 9). This 
belt is considered to be developed during the Pan-African orogeny [KENNEDY, 1964] 
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SiO, % f!iO.% 
Fig. 8. Abundances of Ti0 2 , Zr, Nb, P..O-, Ba, Ni and Cu in Abu Had volcanics, compared with 
average fields of magmas from various modern geotectonic environments, [defined by 
R A M S A Y et. a!., 1 9 8 1 after E W A R T , 1 9 7 9 and 1 9 8 1 ] . 
Comparison of major element chemistry of continental tholeiite, abyssal tlioleiite behind the arc tlioleiite, 
island-arc tlioleiite, and Island-arc calc-alkaline volcanic rocks with Halaban Group of Saudi Arabia, Doklian Volcanics 
(G. Dokhan-Egypt) and Abu Had Volcanics 

















canics (Egypt)" Abu Had Volcanics 
Range Median Range Avg. Range Avg. 
SiO, 51.5 47--62 48--50 45-- 7 0 50—66 5 7 - -76 68 54-- 7 0 61 57.6--72.2 61.6 
TiOj 1.2 1-- 2 1-- 2 0.5-—1 0.2—1 0 .3--1.4 0.5 0 .3--1 .5 1.0 0.2--0 .9 0.5 
A1,03 16.3 14-- 1 5 14--17 14-—17.5 16—18 12--18 14 13--17 15 13.3--17.0 15.6 
Na tO 2.5 2.5-- 3 1--3.5 2-—3 2.9—5 1.0--5.4 4.3 1.6--5.7 3.7 2.6--4 .4 3.5 
K2O 0.86 0.1--0 .2 0.2--0 .6 0.5 • 1—2.7 1.0--5 .6 3.2 1-- 5 1.7 1.8--4 .8 2.8 
N a , 0 / K j 0 3 10--15 6 - -10 4-- 6 1.3 0 . 2 - -5.6 1.6 0.7--4 .4 1.6 0.7--4 .6 1.5 
1. Compiled by G R E E N W O O D et al., [1980] after C O A T S [1968], 
[1974] 
2 . G R E E N W O O D et al., [ 1 9 8 0 ] 
3 . B A S T A et al., [ 1 9 8 — J 
M A N S O N [ 1 9 6 8 ] , J A K E S a n d W H I T E [ 1 9 7 2 ] , A N H A E U S S E R [ 1 9 7 3 ] a n d R O G E R S et al., 
!•'••••' ••':'! Phanerozoic cover 
I I Pan-African outcrop I 1200 - 450 Ma ) 
I* • +1 Archean outcrop 
Zonss containing abundant gfanitc plutons 
Zones containing abundant mafic - ultramafic masses 
1 I 500 - 6 0 0 Ma per alkali - calc - alkali division 
I 1 Red Sea suture 
Fig. 9. Regional sketch map of the Arabian—Nubian Shield showing the disposition of mafic-
ultramafic complexes (marking the approximate position of arc sutures) and linear granitic 
zones (possible arc axes). The Red Sea has been closed to a pre-Miocene position. The map 
of Africa shows outcrop areas of dominantly Pan-African age rocks whichs tend to encircle 
older cratonic rocks of Africa. 
w h i c h h a s a n a g e r a n g e s o f 1 2 0 0 — 4 5 0 M a [GASS, 1977, 1981; KRONER, 1979; I n t e r -
national Geological Correlation Program (IGCP) Project 164, Saudi Arabia, 1979]. 
The origin of the Pan-African orogeny of the Arabian-Nubian Shield is contro-
versial. Some authors suggest that this part of the Pan-African represents an Archean 
crust that was remobilized during the Pan-African orogeny (1200—450 Ma). This 
hypothesis requires the presence of continental (sialic) material older than the 
P a n - A f r i c a n o r o g e n y [HUME, 1934; CLIFFORD, 1968; AKAAD a n d NOWEIR, 1980]. 
On the other hand, some authors suggest a plate-tectonic model suggesting that 
the continental crust of the Arabian-Nubian shield evolved in an oceanic environ-
ment within the Upper Proterozoic. According to GASS [1981], subduction occurred 
some 1200 Ma ago between converging plates of oceanic lithosphere. During this 
process oceanic crust of back-arc basins or marginal seas may have been consumed 
along predominantly westerly-inclined Benioff zones [GARSON and SHALABY, 1976] 
and obducted fragments of this crust are now found as well preserved or partly 
dismembered ophiolite complexes in western Arabian and from northern Ethiopia 
t o E g y p t (Fig. 9) [BAKOR et al„ 1976; GARSON a n d SHALABY, 1976; NEARY et al., 
1976; GASS, 1977; FRISCH a n d AL-SHANTI, 1977; EL SHAZLY a n d ENGEL, 1 9 7 8 ; 
EL SHARKAWY a n d EL BAYOUMI, 1979; SHANTI a n d ROOBOL, 1979]. F i n a l l y , w h e n 
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subduction ceased, about 500 Ma ago, the whole region had developed a continental 
character [GASS, 1981]. The final stages of cratonization are marked by change from 
calc-alkaline to peralkaline magmatism, occurred earlier in some areas than in others. 
T h e l ine d r a w n o n Fig. 9 is t h a t o f STOESSER a n d ELLIOT [1979], a n d s e p a r a t e s 5 0 0 — 
600 Ma Arabian peralkaline (to the east) from calc-alkaline products (to the west). 
In conclusion, the geological and geochemical features of Abu Had volcanics 
correlated with other features mentioned in this study strongly suggest the island-arc 
environment in which the studied volcanics were formed. Worthy of remark, such 
ensimatic island-arc cratonization model is faced by some difficulties. HASHAD and 
HASSAN [1979] stated that "It may perhaps be more reasonable to see the shield 
development in terms of an Andean type setting". The same tectonic setting was 
proposed by KRONER [1979]. Further geological, geochemical and geophysical 
studies of the Egyptian basement complex may reveal its proper tectonic setting. 
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R O U N D N E S S A N D S P H E R I C I T Y 
O F T H E D E L T A C O A S T A L S A N D S 
N . M . EL FISHAWI 
ABSTRACT 
The roundness and sphericity of the Nile Delta coastal sands were studied. Definite correlations 
between the size and the roundness and sphericity were established. The roundness and sphericity 
were observed to be complex functions of each other, rather than to be in a linear relationship. 
A difference in roundness and sphericity was found normal to the shoreline, so that a distance of a 
few hundred metres makes a complete change in their values. The principal difference comes from 
the sorting processes of the hydrodynamic forces affecting the coast. It is possible that these studies can 
be used to differentiate sediments of the Nile Delta coast. The lateral variation of roundness and 
sphericity was found to be improved and can be applied to the tudy of the sediment movement., 
INTRODUCTION 
Early studies of roundness and sphericity of the sand grains were made by many 
a u t h o r s [WADELL, 1935; MACCARTHY a n d HUDDLE, 1938; RUSSELL a n d TAYLOR, 
1937; PETTIJOHN and LUNDAHL, 1943]. More recent works have been published by 
MATTOX [1955], BEAL a n d SHEPARD [1956], WASKOM [1958], SHEPARD a n d YOUNG 
[1961] and MISDORP [1967]. Few comprehensive studies have been carried out on the 
relation between size and roundness and sphericity. Whether or not sand grains show 
a progressive increase in roundness and sphericity with distance of transport is an 
unsettled problem. Many investigators have questioned the authenticity of any actual 
difference in roundness and sphericity normal to the shoreline. 
Fig. L Location map (A) and sampling sites (Bj for the recent environments of the Nile Delta 
coast. 
'235 
The studied area located between Rosetta and Damietta and extends for about 
144 km along the coast (Fig. 1). Theoretically, samples collected along profiles normal 
to the shoreline indicate the importance of waves and winds as selectors of round and 
spherical grains. (Therefore, samples were collected along profiles perpendicular to the 
shoreline: in total 13 profiles being chosen (Fig. J A). Each profile contains a breaker 
zone, beach, backshore and dune sample where possible (Fig. IB). In this way, it may 
be possible to obtain appreciable differences between adjacent environments and 
to detect if there is a definite change over a distance of some hundred metres. t̂  
The aim of the present study is to correlate the roundness and sphericity with 
the grain size, depositional environments and distance of transport along the Nile 
Delta coast. 
METHODS OF STUDY 
BOGGS [1967] describes the use of grain photographs and the Zeiss electronic 
particle size analyzer (Zeiss TGZ 3) in the analysis of grain roundness and sphericity. 
This technique is used in the present study, where the photographic print is mounted 
on the analyzer and the radius measurements are rapidly and automatically tabulated 
for each grain image. The study was made on grain sizes of 2000—1000 ¡j.m, 1000— 
500 fim, 500—250 ^m, 250—125 nm, 125—63 fim. Sieve fractions were p u t th rough 
a microsplitter to obtain a few hundred representative grains. Loose grains to be 
photographed are placed on a slide and tapped gently so that they come to rest with 
long and intermediate axes in projection view. 50—100 grains are photographed and 
a suitably enlarged photomicrograph is prepared on thin photographic paper. 
Of the several formulae proposed for measuring roundness in detrital particles, 
Wadell's may be regarded as the most indicative measure [FLEMMING, 1965; SWAN, 
1974]. This measure was applied in the present study: 
WADELL [1933] r o u n d n e s s = 2 " D C / N E > I 
where: D c is the diameter of the curvature of a corner; N is the number of corners; 
and Dj is the diameter of the largest inscribed circle. 
Because of the difficulty of making three-dimensional measurements of sand 
grains, the sphericity method of RILEY [1941] was applied in this study. He proposed 
an expression of sphericity based on two intercept dimensions. His projection spheri-
city is defined as the square root of the ratio of the inscribed and circumscribed 
circles, as indicated by the formula: 
Projection sphericity = /D ; /D 
where D; refers to the diameter of the inscribed circle; and D to the diameter of the 
circumscribed circle. 
Roundness and size 
All roundness values for each environment were plotted against size, as shown 
in Fig. 2. A line connecting the mean roundness of each size is presented; the com-
parison generally shows a marked decrease in roundness with decreasing size. This is 
in a g r e e m e n t w i t h RUSSELL a n d TAYLOR [1937], PETTIJOHN a n d LUNDAHL [1943], 
INMAN[1953], INMAN eta!., [1966], RAMEzand MOSALAMY [1969], KHOLIEF etal. [1969], 
BALAZS and KLEIN [1972] and MISDORP [1976]. The mean roundness line fo r each 
environment shows similar behaviour. It is observed that there is a sharp decrease 
in roundness with decrease in size between 500—125 /¿m; little difference was found 
with grain sizes smaller than 125 ftm. ft may be true that the coarser sands show a 
better tendency to selective wear than the finer sands. 
'236 
I I 1 1 1 
1 1 1 1 1 
r 1 1 1 I 1 
1 " 1 1 1 1 
• i : i ^ i i i 
i i i ¡- i ~ i " 
i i i • i i 
i i i i I 
1 1 1 1 
1 1 I I 
1 1 1 1 
r 1 1 1 1 
i i : i i . 
i i " i i 
i i i i 
i i i i 
1 1 I I 
1 1 1 1 1 
1 1 1 1 
.L i . i i i 
n s ? ! ! ! 
i \ | i » i \ 
1 :1; 1 
i i i i 
i i i i 
i i i i 
1 BREAKER ZONE 1 1 BEACH ZONE 1 | BACKSHORE . ZONE | ICdftSTAL DUNE ZONE 
1 1 1 1 1 • 1 . 1 . 1 • 1 . - • 1 . 1 •• i • 1 • . 1 . 1 . ' • 1 • 
GRAIN SIZE IN fjm 
Fig. 2. Relationship between roundness and grain size of the coastal sands. 
Sphericity and size 
The most striking result comes from testing the sphericity of various grain 
sizes, as indicated in Fig. 3. The coastal sands are characterized by a steep decrease 
in sphericity, associated with a decrease in grain size. This marked correlation be-
tween sphericity and size has been investigated by MACCARTHY [1935], WADELL 
[1935], RUSSELL a n d TAYLOR [1937], PETTIJOHN a n d LUNDAHL [1943] a n d MATTOX 
[1955]. The mean sphericity line for each environment shows similar behaviour. 
The lines connecting the mean roundness and sphericity values for each size of 
various coastal sands were overlapped (Fig. 4) to correlate between them. A signi-
ficant difference in roundness values was found between the different coastal sands 
Fig. 3. Relationship between sphericity and grain size of the coastal sands. 
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(Fig. 4A). As regards sphericity, it is generally possible to distinguish the dune 
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Fig. 4. An overlap of the mean roundness (A) and mean sphericity (B) for the coastal sands. 
Relationship between roundness and sphericity 
Early studies mentioned that the roundness and sphericity are functions of each 
other, and the roundness seems to bear a linear relation to the sphericity [WADELL, 
1935; RUSSELL a n d TAYLOR, 1937; PETTIJOHN a n d LUNDAHL, 1943]. T h e s e s t u d i e s 
depended upon few samples, which gives the impression that the data were insufficient. 
Moreover, it is observed that the slope of their curves is probably a little too steep. 
ROSENFELD and GRIFFITHS [1953] feel that this sympathetic relationship arises from 
pshychological bias on the part of the operator. 
Fig. 5. Relationship between roundness and sphericity. 
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In fact, the roundness and sphericity are functions of the grain size, and the 
better rounded grains are the more spherical. The two parameters, however, were 
found to be complex functions of each other. Figure 5 shows the relationship between 
them for each coastal sand. Roundness and sphericity data are based on measure-
ments on four size grades; at least 12 pairs of roundness and sphericity vallues are 
drawn for each size grade. Fig. 5 deals with the following observations: 
1. The field of each size grade was found to be separated from the other size 
grade fields. The separation may be complete, as in the breaker zone, and may in-
volve some overlaps, as in the backshore. 
2. The increase of the roundness and sphericity with increasing grain size found 
to be a general trend. The coarse sizes (1000—250 /tm), however, display a better 
roundness-sphericity relation than do the finer sizes (250—63 jum). 
3. The best correlation between the size grade fields was demonstrated for the 
coastal dune sands. The size grades are gradually arranged according to size, round-
ness and sphericity. This arrangement may be related to the wind action. 
4. Mathematically, it is very difficult to consider that the roundness bears a 
linear relation to the sphericity, in spite of the positive correlation between them. 
It is better for such relationships to be expressed as fields of data than as regression 
equations. 
Roundness and sphericity in relation to depositional environments 
For many years sedimentary petrographers have attempted to determine the 
relationship between the depositional environment and the form of sand grains. 
To detect this relationship in this study, the mean roundness and sphericity values 
for each size grade were plotted against the coastal environments (Fig. 6); the values 
are summarized in Table 1. 
T A B L E 1 
Mean roundness (R) and sphericity (S) values for the Nile Delta coastal sands 
Size 1000-- 5 0 0 500--250 250--125 125- -63 Mean nm |im |im |im 
Environ R S R S R S R S R S 
Breaker zone .664 .860 .516 .808 .289 .767 .327 .712 .449 .787 
Beach zone .638 .858 .560 .822 .378 .777 .408 .712 .496 .792 
Backshore .664 .859 .589 .816 .413 .772 .423 .721 .522 .790 
Dune bottom .748 .876 .671 .856 .479 .802 .471 .718 .592 .813 
Dune top .706 .877 .647 .842 .490 .794 .443 .710 .572 .806 
a) Rou. : .dness a n d d e p o s i t i o n a l e n v i r o n m e n t s 
At first sight, it will be seen that a difference in roundness was found between the 
Nile Delta coastal sands, so that a distance of a few hundred metres makes a com-
plete change in the roundness values (Fig. 6A). All size classes show a definite im-
provement in roundness normal to the shoreline. In moving from the breaker 
zone through the beach and backshore, and up to the dune, the mean roundness 
increases from 0.449 to 0.592. The sands of the dune top are relatively less rounded 
than those of the bottom, but are still more rounded than the other types of sands. 
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Fig. 6. Variations of mean roundness (A) and mean sphericity (B) normal to the shoreline. 
Roundness has been referred to by a number of authors as being greater in dune 
sands than in the adjacent beach from which the dune was derived [MACCARTHY, 
1935; RUSSELL, 1939; BEAL a n d SHEPARD, 1956; PETTIJOHN, 1957; SHEPARD a n d 
YOUNG, 1961]. In contrast, WASKOM [1958] found that the beach ridge sand grain 
roundness is greater than that of sands in other environments. Other sedimentologists 
have questioned the authenticity of any actual difference in roundness between beach 
a n d d u n e s a n d s [MATTOX, 1955; MASON a n d FOLK, 1958]. M a n y t e x t b o o k s a n d 
articles contain statements to the effect that sand grains found in aeolian deposits 
generally possess a higher degree of roundness than do grains found in other environ-
ments. There is no reason to believe that the grains are rounded appreciably by 
the wind in transit to the dunes, but very little rounding may occur in transporting 
sand from the beach to the adjacent dunes. 
The principle difference in roundness between the adjacent coastal environments 
comes from the sorting action of the hydrodynamic forces affecting the coast. The 
possible explanation for the greater roundness in the beach than in the breaker zone 
is that the waves carrying the sand up onto the beach may select the rounder grains. 
The increase in roundness landwards may be related to the sorting action of the wind 
in picking up more rounded grains from the beach. It is evident that well rounded 
grains can roll and be blown more easily than grains with angular corners. Therefore, the 
wind can select the more rounded grains from the beach to be rolled, the relatively 
'240 
less rounded grains may be added to the backshore zone, while the more rounded 
ones can easily continue to be transported and finally to be added to the dune. In some 
areas, where beaches and dunes are most difficult to distinguish, it is thought that the, 
dune sands are blown back onto the beaches, causing intermixture. In some cases, 
the dunes are derived from sources other than the adjecent beach [BEAL and SHEPARD, 
1956]. : 
b) S p h e r i c i t y a n d d e p o s i t i o n a l e n v i r o n m e n t s 
Figure 6B shows that the sphericity values of the coastal dune sands are con-
sistently larger than those of the other environments. The sphericity values of the 
breaker zone and backshore zone sands are generally lower than for all other sands. 
The dune top sands are slightly less spherical than the bottom ones. It is noted that 
the sphericity of the 125—63 ¡xm size grade behaves separately. 
The increase in the sphericity of the dune sands can best be explained by the 
hypothesis that a more spherical grain will roll more easily than a less spherical one. 
BAGNOLD [1937], however, has shown that most aeolian transportation occurs by 
saltation. Therefore, another idea must be suggested to explain this condition. On the 
basis of a series of experiments, MACCARTHY and HUDDLE [1938] concluded that 
aeolian transportation favours sand grains with high sphericity values, because such 
grains tend to bounce higher than grains with lower sphericity values. A critical 
examination of this conclusion leads to disagreement along the lines suggested by 
MATTOX [1955]. He stated that a grain with a lower sphericity value will have a greater 
tendency to move, because of the larger surface area exposed to the wind, and thus 
the dune sands are less spherical than the beach sands. 
During the present study on the Nile Delta coast, it is observed that most of the 
sand transportation takes place during normal conditions, \vhen the wind velocity is 
enough only to initiate sand movement. During the course of transportation, a con-
siderable amount of sand was observed in motion by rolling.'If two grains of different 
sphericity values, but of equal mass, are subjected to the action of wind which is 
strong enough to initiate the movement, the grain with the higher sphericity value 
will have the greater tendency to start rolling. Therefore, because they roll more 
easily, grains with higher sphericity values, are transported greater distances by 
traction than grains with lower sphericity values. 
To sum up, where the dunes are formed close to the adjacent beach, the few 
hundred metres distance of transportation is enough to allow the development of 
sphericity. The wing picks up from the beaches more grains with higher sphericity 
values than those with lower values. As a result, the grains of the dune sands become 
relatively more spherical than those of the beach sands. In fact, during storm periods 
sands movement takes place regardless of shape. On the other hand, the possible 
reason for the relatively higher sphericity in the beach than in the breaker zone may 
be related to the effect of waves in selecting spherical grains to be added to the beach 
sediments. • 
Lateral variations of roundness and sphericity 
In all experimental and field work, the roundness and sphericity of beach sands 
increased with distance [KRUMBEIN, 1941; PETTIJOHN, 1957]. The studies of beach 
a n d r ive r s a n d s b y MACCARTHY [1935], RUSSELL a n d TAYLOR [1937] a n d PETTIJOHN 
and LUNDAHL [1943] show a small, though unequivocal decline in sphericity during 
movement. They attribute their findings to progressive fracturing or sorting action. 
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Variations of roundness and sphericity for each size grade of the breaker zone, 
beach, backshore and dune sands along the coast are shown in Figs. 7 and 8. Sands 
grains apparently become better rounded and more spherical as a result of abrasion 
during the course of transport. Abrasive action in the absence of coarse materials 
is exceedingly slow [PETTUOHN, 1957], which may explain the decline in roundness 
and sphericity of the fine sands of the Damietta beaches. Although roundness and 
sphericity are geometrically distinct, they react in a dynamically similar manner to 
abrasion along the coast. It is observed that a small increase in sphericity is accom-
panied by a large increase in roundness. 
ROSETTA BURULLUS DAMIETTA 
Fig. 7. Relation of roundness of coastal sands to distance of transport along the Nile Delta coast. 
The relation of grain roundness to distance of transport (Fig. 7) involves the 
following concepts: 
1. The mean roundness of the coastal sand grains generally exhibits a definite 
though fluctuating increase with distance of transport eastward. In the early stages 
of transport (0—24 km), the roundness of the coastal sands shows a relative decrease, 
and then progressively increases to the maximum value near the location 96 km. 
It tends to decrease relatively eastwards. 
2. In all the cases, it seems that the change in roundness may quite abrupt at 
first, but subsequently it becomes rather smooth. This suggests that the process of 
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Fig. 8. Relation:of sphericity of coastal sands to distance of transport along the Nile Delta coast. 
rounding is more rapid when the grain is angular and that it slows down as it becomes 
more rounded. 
3. The roundness of the coarser sands increases more rapidly than that of the 
finer sands. The coarse sands are most readily rounded because they may wear most 
rapidly. 
4. The difference in roundness between the sands of the different environments 
in greater in: the finer grades than in the coarser ones. 
5. No significant difference in the lateral variation of roundness of breaker zone 
sands for 250—125 fim and 125—63 /.im size grades could be correlated with transport. 
Lateral variations of sphericity are shown in Fig. 8. The following were observed: 
1. The mean sphericity values of the coastal sands reveal that the grains be-
come more spherical with transport. Little, but definite sphericity change is found. 
2. The lateral variation of the coarser grades (1000—250 ¿¿m) is more pro-
nounced than that of the finer ones (250—63 ¡xm). It seems evident that the coarser 
grains moved undergo a modification. 
3. The sphericity changes for the 1000—500 ¡i.m size grade are slow, which may 
be related to the limited effect of abrasion. These changes become quicker for the 
500—250 pim size grade. 
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4. For the 250—125 fim size grade, the wear plays little role from Rosetta to the 
location 84 km. These sediments attain higher sphericity values between 84 and 
120 km and then tend to decrease sharply. 
5. No significant change in sphericity for the 125—63 fim size grade could be 
correlated with distance. 
6. A rapid increase in sphericity takes place in the early stages of transport for 
the backshore sands; the other coastal sands do not display such a feature. 
CONCLUSIONS 
1. A definite correlation between the size of the coastal sands and both the 
roundness and sphericity is established. The sands are characterized by a steep 
decrease in roundness and sphericity, associated with a decrease in size. The coarse 
sands may be abraded more easily than the finer sands. It was found that the better 
rounded grains are the most spherical. 
2. The roundness and sphericity were observed to be complex functions of 
each other, rather than to be in a linear relationship, in spite of the positive correlation 
betveen them. 
3. A difference in roundness and sphericity was observed normal to the shoreline, 
so that a distance of a few hundred metres makes a complete change in their values. 
All size classes of the sand become more rounded and spherical in moving from the 
breaker zone through the beach and backshore and up to the dune. The principal 
difference comes from the sorting processes of the hydrodynamic forces affecting the 
coast. A possible explanation for the greater roundness and sphericity values in the 
beach than in the breaker zone is that the waves carying the sand up onto the beach 
may select the rounder and more spherical grains. The increase in these values land-
ward may be related to the sorting action of the wind in picking up more rounded and 
spherical grains from the beach. It is evident that well-rounded and spherical grains 
which can roll and can be blown more easily than grains with'angular corners and 
flat surfaces, are to be added to the dune sands. Therefore, the roundness and spheri-
city of sands can be used as indicators of depositional environments. 
4. The roundness and sphericity of the sands show a definite, though fluctuating 
increase with the distance of transport along the coast. This change may be quite 
abrupt at first, but subsequently becomes smoother. It may be suggested that rounding 
is more rapid when the grain is angular, and it slows down as it becbmes' more round-
ed. The change in the coarser sands is more pronounced than in the fine sands, 
and therefore the coarser sands seem to undergo a modification. 
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D I S T I N C T I O N O F T H E N I L E D E L T A C O A S T A L 
E N V I R O N M E N T S B Y S C A N N I N G E L E C T R O N M I C R O S C O P Y : 
A S T A T I S T I C A L E V A L U A T I O N 
N . M . EL FISHAWI a n d B . MOLNAR 
ABSTRACT 
Sand grain surface textures were examined from modern Nile Delta coastal deposits of known 
origin that had been.subjected to mechanical and chemical processes during erosion, transportation 
and deposition. Samples representing breaker zone, beach, backshore, dune and River Nile sands 
were selected to establish characteristic grain surface textures. There are no simple diagnostic features 
for any particular environmental history because different mechanical processes produce similar 
surface features on sand grains. Only by quantitative analysis of sand grain surface feature abun-
dances can accurate evaluation be made. 
INTRODUCTION 
DAVID KRINSLEY and his associates pioneered the field of electron microscopy 
a s u s e d o n q u a r t z g r a i n s [KRINSLEY a n d TAKAHASHI, 1962; KRINSLEY a n d DONAHUE, 
1 9 6 8 ; KRINSLEY a n d MARGOLIS, 1969; 1971; KRINSLEY a n d DOORNKAMP, 1973; 
MARGOLIS, 1 9 6 8 ; MARGOLIS a n d KENNETT, 1971]. W i t h t h e d e v e l o p m e n t o f t h e 
SEM, however, examination of a sand grain at magnifications up to 10.000 power is 
accomplished quickly and easily by anyone having access to a machine. The advent 
of the SEM has made this type of analysis a relatively simple procedure and con-
sequently a viable approach to the solution of appropriate sedimentological prob-
lems. As a result, numerous papers have been published during the last decade, deal-
ing with the specialized use of the SEM and suggesting the use of various surface 
textures on sand grains as environmental indicators [BLACKWELDER and PILKEY, 
1972; KRINSLEY et al., 1973; INGERSOLL, 1 9 7 4 ; BAKER, 1976; FRIEDMAN et al., 1976; 
MANKER a n d PONDER, 1978; HIGGS, 1979; BULL, 1981; CULVER et al., 1983]. 
The goal of the study of grain surfaces has been the identification of sur-
face markings on sand grains that are uniquely produced by a specific transport 
process. Thus far, satisfactory results have been obtained predominately from the 
examination of unconsolidated sediments and from artificially abraded crushed quartz. 
A summary with photomicrographs of the criteria useful in surface texture 
texture interpretation has been provided by KRINSLEY and MARGOLIS 
[1971] and KRINSLEY and DOORNKAMP [1973]. To date, these methods require treat-
ment or simple non-parametric statistical analysis. 
Sand grain surface textures were examined along the Nile Delta coast. Samples 
were collected from the breaker zone, beach, backshore, coastal dune and River Nile 
(Fig. J). The aims.of the present study are: 
1. To examine the sand grain surface textures of the Nile Delta coastal environ-
ments. In fact, the distinction between breaker zone and beach sands, and that 
between backshore and dune sands, do not attract the attention of many authors. 
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Fig. 1. Location map showing the studied area (A), and sampling sites ( B ) . 
2. To evaluate quantitatively whether the surface textures can be relied upon to 
distinguish accurately between various environments, and whether this should be 
done on the basis of single or groups of feature. 
GRAIN SIZE STUDIED 
All investigators seem to agree that sands finer than 250 ¡Jim show a relative 
predominance of chemical features, while coarser sands do that of mechanical 
features. In the present study, the average grain size in all samples was about 700 ¡im 
in diameter, and ranged from 250 [xm to 2000 ¡xm. No relationship was observed 
between grain size and surface texture. About 60 grains of each environmental de-
posit were examined at approximately 4000 X to determine what features might be 
present. Photomicrographs were made for the grains examined and the most interesting 
ones are produced in this study. 
RESULTS 
Grain surface features for breaker zone, beach, backshore, coastal dune and 
River Nile sands are shown in Plates I—V, respectively. The various surface features 
recognized in coastal sands are enumerated below. 
Littoral environments 
These include grains obtained from breaker zone, beach and River Nile sands 
(Plates I, II, V). The grains affected by littoral action are characterized by V-shaped 
patterns, straight and curved scratches and grooves with steep and irregular sides, 
conchoidal fractures and irregular breakage blocks. These features are generally 
found on the edges of the grains, but may be observed on other grain surface. Numer-
ous grain collision micro-textures and small impact pits were observed. Semi-
parallel steps which characterize glacial origin were seen on a few grains from breaker 
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TABLE 1 
Widths, depths and diameters for some surface features 
Feature Breaker zone Beach River Nile 
V-shaped pits width: 2 — 20 um 2.0—33 um 2—10 um 
depth: 1— 15 um 0.2— 6 um 1— 3 um 
Scratches width: 16—100 Jim 12.0—50 um 5—70 um 
depth: 2 — 10 um 1.0— 5 um 1— 5 um 
Breakage blocks diam: 20— 50 um 15.0—50 um 3—30 um 
zone and beach sands. On some grain surfaces, the littoral solution attacked collision 
grooves, grain edges and breakage corners, and produced solution precipitation sur-
faces and small deep surface etching. 
It is possible to distinguish between high and low wave energy environments 
on the basis of surface texture. The photomicrographs show sharp scratches and 
grooves with aligned breakage blocks and deep V-shaped pits, which may be con-
sidered as the diagnostic features of high-energy environments (breaker zone, Plate 1). 
These features are easily recognized on most grains; they often coincide with the edges 
of conchoidal breakage patterns of V-shaped pits. Table 1 summarizes the widths 
and depths for some surface features of the littoral environmental sands. 
RRINSLEY and MARGOLIS [1971] reported that the V-shaped patterns have an 
average depth of 0.1 ¡am and there is an average density of two V's per square micron. 
In the samples of the present study, there was much a wide variation in size and depth 
of this pattern that no such generalizations seem warranted. V-shaped pits, scratches 
and grooves of breaker zone sands, however, are relatively deeper, wider and longer 
than those of beach and river sands. INGERSOLL [1974] stated that the depth and 
width of the V-shaped pits are probably due to crystalline structure, grain size and 
mechanical versus chemical effects. 
Aeolian environments 
SEM examination showed that mechanical abrasion features are commonly 
considered to be characteristic of aeolian sands with surface features dominated by 
chemical precipitation. Plates III and IV show the diagnostic features for backshore 
and dune sand grains. Meandering ridges, mechanically upturned plates, dish-
shaped concavities, graded arcs and polygonal cracks are characteristics of aeolian 
action. Scratches and grooves, mechanical pits, cleavage planes and solution pre-
cipitation surfaces also occur. 
The conchoidal pattern and blocky breakage of aqueous origin may be rapidly 
abraded and merge into meandering ridges under the wind action. The upturned 
plates of various sizes, but no larger than 3 ¡xm high, may extend unbroken for 60 ¡xm 
or more, or may be broken and discontinuous. Additionally, they may be gyreatl 
subdued or rounded off by solution and precipitation. Rounded, dish-shaped concav-
ities are observed on some grain surfaces. Flat cleavage plates and plate ends are 
frequently lightly covered by a smooth precipitated layer. 
A comparison between backshore and coastal dune sand grains leads to some 
diagnostic features. In backshore sands, some of the examined grains are charac-
terized by V-shaped patterns and breakage blocks, which indicate their beach origin 
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(Plate III). On the other hand, there are sand grains derived from coastal dunes 
as testified by the polygonal cracks and deep surface etching (Plate IV). The backshore 
zone may be considered as a transitional zone between the beach and the coastal dune. 
Statistical evaluation 
Attempts to estimate the percentage occurrence of the grain surface covered 
by each feature proved to be highly subjective and very time-consuming. A simple 
presence or absence (binary data) was tabulated for each feature, to yield the percent-
age occurrence in this study. Questionable occurrences were tabulated as absent. 
Twenty textural features were selected for evaluation of their sensitivity in differentiat-
ing the Nile Delta coastal environmental sands (Table 2). These features were cata-
logued by KRINSLEY and DOORNKAMP [1973]. The polygonal cracks were originally 
identified on desert grains from Libya by Lucci [1971] and supported by BAKER 
[1976]. 
A comparison of percentages occurrence of surface features for breaker zone, 
beach, backshore, dune and River Nile sands revealed significant difference, as shown 
in Table 2 and Fig. 2. On the grand scale of comparing aqueous features with aeoliari 
ones, only 5 features proved to be distinctive. The V-shaped pattern, conchoidal frac-
tures, breakage blocks, straight scratches and grooves, and stepped cleavage surfaces 
almost invariably occur together and may be considered as a single class of abrasional 
T A B L E 2 




































Smooth precipitation surface 7.69 19.30 12.82 5.41 47,16 
Irregular precipitation surface 23.08 5.26 2.56 5.41 13.21 
Precipitated upturned plates 0.00 5.26 0.00 5.41 5.66 
Precipitation in grooves 19.23 7.02 30.77 : 10.81 24.53 
Adhering particles 11.54 14.03 23.07 24.32 9.43 
Deep surface etching 7.69 5.26 7.96 0.00 9.43 
Oriented V-shapes patterns 7.69 3.51 0.00 0.00 0.00 
Mechanical 
Conchoidal fractures 3.85 35.09 25.64 0.00 0.00 
Breakage blocks 19.23 29.82 28.21 8.11 0.00 
Straight scratches and grooves 50.00 47.37 35.90 21.62 26.42 
Curved scratches and grooves 73.08 73.68 66.67 54.05 35.85 
Mechanical pits 50.00 42.10 28:21 29.73 49.06 
Cleavage planes 11.54 21.05 33.33 • 27.03 13.21 
.Stepped cleavage surface ; 0.00 .7.02 12.82 : 0.00 0.00 
Mechanical V-shaped patterns 38.46 78.95 5?.97 ; 16.21 3.77 • 
Mechanically upturned plates ' 7.69 3.51 2.56 24.32 24.53 
Meandering ridges 0.00 0.00 0:00 . ! 27.03. 50.94 
Dish-shaped concavities 0.00 1.75 . 2.56 10.81 11.32 
Polygonal cracks 0.00 0.00 0.00 0.00 7.55 
Graded arcs 0.00 0.00 0.00 8.11 11.32 
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IRREGULAR PRECIPITATION SURFACE 
CONCHOIDAL FRACTURES 
STRAIGHT SCRATCHES AND GROOVES 
MECHANICAL PITS 
























DISH - SHAPED 
CONCAVITIES 
BREAKER BEACH BACKSHORE DUNE 
Fig. 2. Percentage occurrences of grain surface features for coastal sands. 
features. These features occur on between 30% and 80% of the grains throughout 
the littoral sands, but on fewer than 20% of the grains from the aeolian sands. They 
also occur on fewer than 40% of the River Nile sands; MARGOLIS and KENNETT [1971] 
mentioned that they occur on fewer than 50% of the grains taken from river sands. 
The presence of these features on aeolian sands is not considered diagnostic of non-
marine origins, because they do not occur in abundance. Remembering the shoreline 
history of the backshore flat and coastal dune sands, it seems probable that these 
features present in the aeolian sands are inherited and their preservation is possible. 
Besides this preservation, new features are created due to the wind action, which 
leads to an abundance of upturned plates, meandering ridges, dish-shaped concavities, 
graded arcs and polygonal cracks on aeolian sand grains. 
Although progress has been made in relating quartz grain surface features to 
specific transport (depositional environments), little attention is given to the features 
produced by fluvial systems. In the present study, some significant variations were 
found between littoral sands (breaker zone and beach) and river sands. Littoral 
. sands are characterized by an abundance of Y-shaped pits, conchoidal fractures 
and stepped cleavage surfaces, while the river sands show an abundance of irregular 
precipitation surfaces and mechanical pits and a higher percentage of oriented V-
shaped pits. On the other hand, the breaker zone sands are characterized by more 
Y-shaped pits, conchoidal fractures, scratches and grooves than on the beach sands. 
As regards the aeolian sands, smooth precipitation surfaces, mechanical pits, mean-
dering ridge sand polygonal cracks occur in higher percentages on the coastal dune 
sands than on the backshore ones. 
The results of this study are consistent with the origins of the micro-textures 
postulated by KRINSLEY and his students. Those features thought to be-most diag-, 
nostic of a littoral setting, such as mechanical V-shaped pits, conchoidal fractures 
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breakage blocks, scratches and grooves and stepped cleavage surfaces, markedly 
decrease in abundance in a landward direction (from breaker zone through beach 
and backshore and up to the dune). In contrast, those features thought to be diag-
nostic of aeolian processes, such as upturned plates, meandering ridges, dish-shaped 
concavities and graded arcs, increase in a sharp manner. The inland decrease in abun-
dance of the high-energy impact features is logical in that the breaker zone and surf 
zone are certainly the most persistent high-energy zones along the coast. 
It is likely that different mechanical processes produce similar surface features 
on sand grains (Fig. 2, Table 2). Only by quantitative analysis of sand grain surface 
feature abundances, in addition to other sedimentary information, can accurate 
evaluation be made. Although it may be true that certain features act as more im-
portant environmental indicators, whilst others serve as cosmetic detail, it is not 
necessarily true that the same textures are the pre-eminent discriminators in every 
case. Thus, there are no simple diagnostic features for any particular environmental 
history. This result supports the methodology of MARGOLIS and KENNETT [1971], 
WHALLEY a n d RRINSLEY [1974] a n d CURVER et al., [1983]. 
CONCLUSIONS 
1. Scanning electron microscopy examination of the grain surface texture was 
performed on the Nile Delta coastal deposits. It is possible to distinguish between 
river, breaker zone, beach, backshore and coastal dune sands in the basis of surface 
textures. The grain surface features may be applied to the study of ancient deposits. 
2. V-shaped pits, conchoidal fractures, breakage blocks, scratches, grooves and 
stepped cleavage surfaces appear to be good indicators of subaqueous environments. 
Upturned plates, meandering ridges, dish-shaped concavities, graded arcs and 
polygonal cracks may be used tentatively as indications of proximity to aeolian 
environments. 
3. Attempts to estimate the percentage occurrence of the grain surface covered 
by each feature proved to be highly subjective and revealed significant differences 
between environments. The subaqueous features occur on between 30% and 80% 
of the grains throughout the breaker zone and beach sands, but on fewer than 40% 
of the grains from the river sands. The presence of these features on fewer than 20% 
of the aeolian grains is not considered diagnostic of non-marine origins. Remem-
bering the shoreline history of the backshore and coastal dune sands, it seems prob-
able that these features present in the aeolian sands are inherited and their preser-
vation is possible. Besides this preservation, the aeolian features are created due to 
wind action. 
4. The subaqueous features markedly decrease in abundance, while the aeolian 
features increase sharply in the landward direction (from the breaker zone across 
the beach and backshore and up to the dune). It is likely that different mechanical 
processes produce similar surface features, and only by quantitative analysis of 
surface feature abundances can accurate evaluation be made. 
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EXPLANATION OF PLATES I-V 
PLATE I: Scanning electron micrographs of breaker zone sand grains. A: V-shaped 
patterns and pits. B: V-shaped patterns and straight groove. C: Curved grooves. 
D : V-shaped and straight scratches. E: Blocky conchoidal breakage pattern. 
F : Stepped cleavage. 
PLATE II: Scanning electron micrographs of beach sand grains. A: V-shaped 
patterns and straight scratches. B: Pits and curved scratches. C: Blocky con-
choidal breakage patterns. D : Curved scratches and grooves. E: Chemical 
precipitation. F : Etching surface. 
PLATE III: Scanning electron micrographs of backshore sand grains. A: Dish-
shaped concavities. B: Upturned plates. C: Precipitation surface. D : Cleavage 
planes and grooves. E: Breakage blocks, pits and scratches, F : V-shaped 
pattern indicating subaqueous origin. 
PLATE IV: Scanning electron micrographs of coastal dune sand grains. A: Dish-
shaped concavities, V-shaped patterns and pits. B: Meandering ridges. C: Up-
turned plates and precipitation surface. D : Polygonal cracks. E: Graded arcs 
and precipitation. F : Straight scratches and precipitation. 
PLATE V: Scanning electron micrographs of River Mile sand grains. A: Pits 
scratches and grooves. B: Oriented V-shaped patterns and chemical preci-
pitation. C: V-shaped patterns and grooves. D : V-shaped patterns and scratch-
es. E: Breakage blocks and scratches. F : Precipitation in giooves. 
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